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Summary

Atom transfer radical polymerisation (ATRP) of styrene in xylene solution
initiated with 1-phenylethyl bromide and mediated by CuBr/N-propyl-2-
pyridinemethanimine catalyst complex was studied. The polymerisation was 1ll-
controlled, yielding polymers with broad molecular weight distributions and values of
number average molecular weight considerably higher than the theoretical values
calculated from 100% initiator efficiency. The degree of control afforded over the
polymerisation was enhanced by use of 2 more soluble catalyst complex, CuBr/N-octyl-
2-pyridinemethanimine. Furthermore, the use of a more polar solvent, diglyme,
generated a homogeneous catalyst complex that facilitated the production of polymers
having narrow molecular weight distributions (1.10 < PDi < 1.20).

The kinetics of the atom transfer radical polymerisation of methyl methacrylate
at 90°C in diglyme solution initiated with ethyl-2-bromoisobutyrate and mediated by
CuBr/N-octyl-2-pyridinemethanimine was studied and the orders of the reaction were
established. The effect on the rate of polymerisation of the ratio of CuBr:N-octyl-2-
pyridinemethanimine was also determined.

The temperature dependencies of the rate of polymerisation of methyl
methacrylate in diglyme solution and xylene solution were studied, and were found to
be non-linear and dependent upon the polarity of the solvent.

The use of highly polar aprotic solvents, such as N,N-dimethylformamide and
dimethylsulphoxide, was found to be detrimental to the degree of control afforded over
the polymerisation of methyl methacrylate. This was circumvented by use of a 5-fold
excess, over that conventionally used, of catalyst complex.

The atom transfer radical polymerisation of  (4-nitrophenyl)-[3-[N-[2-
(methacryloyloxy)ethyl]carbazolyl]]diazene in dimethyl sulphoxide solution was
studied. Although homopolymerisation yielded only oligomers, copolymerisation of this
monomer with methyl methacrylate was found to be readily achievable.

Keywords: ATRP, Styrene; Methyl methacrylate; Polar solvents; Fully-functional
photorefractive polymer.
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1. Introduction

1.1 The photorefractive effect

The photorefractive (PR) effect is defined as the spatial modulation of the index of
refraction due to charge distribution in an optically non-linear material. It is generally

believed that the effect is comprised of four basic processes:

(1) The photogeneration of charge carriers by a spatially modulated light
intensity.

(2) The transport of the charge carriers away from the sight of generation, either
by thermal diffusion or electric drift.

(3) The trapping of the charge carriers in sites distant from the sites of
generation, resulting in charge separation and hence the formation of a
space-charge field.

(4) The formation of a phase grating, as a result of the modulation of the index

of refraction by the space-charge field.

Therefore, the necessary components of a photorefractive material are a photoionisable
charge generator, a charge transporting medium, charge trapping sites, and a
dependence of the index of refraction upon space-charge field. Figure 1.1 illustrates the
microscopic processes and the optical standing wave pattern that result from the

intersection of two coherent beams of light in such a material.

18
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Figure 1.1. Schematic view of the processes involved in the formation of a

photorefractive grating.

The spatially modulated intensity pattern manifested in the intersection region is

comprised of light and dark planes and possesses a spatial wavelength, A, which is

given by

A. = !
¢ 2nsin[(62—6,)/2]

(1.1)

where n is the index of refraction of the material, %, is the optical wavelength in free
space, and 0, and 0, are the internal angles of incidence of the two writing beams

relative to the sample normal. The magnitude of the grating wavevector, K, is given

by

27
Ki=— (1.2)

19



If the direction of this grating wavevector is taken as the direction normal to the light
and dark planes and this is the z-axis, then the optical intensity follows the offset
sinusoidal pattern illustrated in figure 1.1(a). Charges are photogenerated at the light
intensity maxima by absorption of the optical radiation, are transported away from the
sites of generation and become resident in trapping centres, forming a non-uniform
space-charge distribution. It is generally accepted that the charge generating step
involves the separation of electrons and holes and that the transport of these species
occurs via a field-induced hopping mechanism'. As illustrated in figure 1.1.(b) and (c),
there is a net migration of charge from regions of high intensity to those of low
intensity, creating a spatial pattern of charges that follows that of the light intensity

pattern. According to Poisson’s equation of electrostatics,

VE = (1.3)
80

(where E is the average energy of the particles, p is the charge density, €, is the
permittivity of the medium, and V is a product of the wavefunction) the charge
distribution produces a sinusoidal space-charge electric field analogous to that shown in
figure 1(d). Furthermore, as Poisson’s equation relates the spatial gradient of the electric
field to the charge distribution, such that the electrostatic field is integral over the
charge density, if the charge density is sinusoidal then the field must be cosinusoidal.
Thus, the resulting internal electric field is shifted in space 90° relative to the trapped
charge, or one quarter of the grating wavelength. Ultimately, the space-charge electric
field induces a spatial modulation of the refractive index via the linear electro-optic
effect, a second-order nonlinear optical response in which the index of refraction at a
particular point in the material is linearly proportional to the value of the electric field at
that point. The relationship between the magnitude of the index modulation, An, and

the magnitude of the space-charge field, E, is described by equation 1.4
An=—(1/2)0’r,E . (1.4)

where , is the effective electro-optic coefficient for the geometry under consideration.
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The sinusoidally varying modulation of the index of refraction results in the
production of a phase grating which has the ability to diffract light. This imparts a
distinct property to photorefractive materials. The optical energy of the two incident
beams can exchange in an asymmetric manner, with one beam gaining energy and the
other beam losing energy. In fact this forms the basis of a simple test, two-beam
coupling gain, conclusively distinguishing photorefractivity from the numerous other
mechanisms of grating formation, such as photochromism, thermochromism,
thermorefraction, generation of excited states etc'.

Two-beam coupling gain experiments are conducted using a system similar to

that illustrated in figurel.2.

Diode detector 2

Laser T

Beam splitter e A
\J

Chopper

Polymer p

Mirror

Diode detector 1

Figure 1.2. Typical experimental setup utilised for two beam coupling experiments.

As stated previously, the basis of the test is reliant upon the material’s ability, or
inability, to form a phase grating capable of diffracting light. If the material is indeed
photorefractive, the two coherent incident beams intersecting on the material will be
diffracted into each other, resulting in an asymmetric energy exchange. By monitoring

this optical energy exchange, the optical gain coefficient, I", can be deduced from'”

r~11[1+°‘j 15
_Lnl—Boc (1.3)

where o = AL(L)/LL, Aly(L) is the intensity change of the signal beam, ;L is the total
signal beam intensity emerging from the sample, L is the path length of the writing
beam, and B = I1(0)/I,(0), is the ratio of the incident beam intensities. Thus, the

magnitude of the optical gain coefficient is used as a measure of photorefractivity. For
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materials that do not induce such a process, conclusive evidence is provided that the
grating arising is from a non-photorefractive mechanism. This distinction arises as
unlike phase gratings arising from the photorefractive effect, those occurring as a
consequence of other effects do not display a non-zero spatial phase shift between the
index of refraction grating and the optical intensity pattern. It is noteworthy, that in
certain cases the optical gain exhibited may not exceed the absorption coefficient of the
material. Hence, although the phase grating is shown to be photorefractive in nature,
such materials do not yield a net optical gain.

The presence of a non-zero spatial phase shift between the index of refraction
grating and the optical intensity pattern is crucial in applications of photorefractive
materials, as many utilise this phenomenon to furnish the required response for the

given application.

1.2. Applications of photorefractive materials

The index gratings which may be written into a photorefractive material
constitute “volume phase holograms”. The capability of photorefractive materials to
readily permit the writing and erasure of such holograms with light, makes them
capable of real-time holography and gives rise to numerous potential and actual
applications in fields such as image processing, signal processing, holographic data
storage and optical interconnections for computing'™>*.

Some of the most interesting and promising applications of photorefractive
materials encompass the field of holography. More specifically, three-dimensional
depth resolved holography utilising photorefractive materials has been shown to be a
valuable method of real-time 3-D imaging, providing rapid whole-field acquisition and
high depth and transverse spatial resolution images. The fact that the technique has the
capability to record high quality images through turbid media, means that it has many
applications, such as biomedical imaging through tissue’, and imaging through water
and the atmosphereG.

The technique is reliant upon the photorefractive ability of the material to
“undo” the distortions created when light passes through a turbid media. A schematic of

this process is shown below.
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Figure 1.3. Schematic of photorefractive holography.

The photorefractive medium is utilised to record the hologram via the
photorefractive effect. The hologram is then reconstructed by blocking the image beam
and letting the reference beam diffract off the refractive index pattern to record an
image at the camera. Alternatively, this can be achieved by the use of a different
wavelength source and subsequently Bragg-matching the read-out beam to the refractive
index pattern. Through either method, any incoherent light present in the object beam is
filtered out and consequently does not contribute to the hologram.

Depth-resolved images can be generated by photorefractive holography,
allowing the separation of the different layers of a three-dimensional object according to
their corresponding depths within the surface(s) of the object. The effect utilises the
different path lengths travelled by light reflecting from the different depths within an
object to separate the layers. The typical experimental set-up used for this process is

shown in figure 1.4.
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Figure 1.4. Typical set-up utilised for photorefractive holography.

The different depths in the object are recorded by matching the object and the
reference beam lengths to within the coherence length of the laser, and can be
individually selected by adjusting the path length of the reference beam. The images are
resolved by scanning the reference beam path length with a probe beam, which is
subsequently read by the camera.

It is apparent from past and current research that the realisation of actual and
potential applications of photorefractive materials will allow significant technological
advances to be made in a vast range of fields. However, this can and will only be
achieved through the development of precise understanding of the microscopic
processes comprising the photorefractive effect and via the tailoring and optimisation of

the properties of the materials utilised to furnish the desired effect.
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1.3. Photorefractive materials

The photorefractive effect was first observed over 30 years ago in ferroelectric
single crystals, such as LiNbO;” %, In the 25 years following this discovery, research
focused almost exclusively upon inorganic materials', such as ferroelectric crystals
(LiNbOs, LiTaO;, BaTiOs), semiconductors (GaAS, InP, CdF;) and sillenites
(Bi,Si0O). However, the difficulty of crystal growth and sample preparation has
limited the widespread use of these materials. Thus, more recently, the focus of research

in this field has switched to alternative materials.

1.3.1. Photorefractive polymers

Polymers have emerged as the most suitable candidate for the construction of
photorefractive materials, owing to their relative ease of preparation, amenability to
structural modification, and inherent processability.

As stated previously, the necessary components of a photorefractive material are
a photoionisable charge generator, a charge transporting medium, charge trapping sites,
and a dependence of the index of refraction upon space-charge field (i.e. electrooptic
nonlinearity). Hence, a polymer must contain moieties capable of such processes, to be
able to furnish a PR effect. PR polymers are thus typically comprised of photoionisable
charge generators, photoconductive species, and a nonlinear optical chromophore. At
present, the nature of the charge trapping sites in polymeric materials 1s not explicitly
understood, and hence the deliberate incorporation of such a species is not undertaken.
However, it is assumed that impurities and structural defects within the polymer matrix
perform this role.

Two fundamentally different strategies have been developed for the preparation
of PR polymers: composite materials, involving doping of the required functionalities
into a polymeric host, and fully-functionalised polymers, that have all functional species

covalently bound to the polymeric backbone.

1.3.1.1. Composite materials

Composite PR polymeric materials are comprised of a polymer host doped with
the appropriate functional molecules required to furnish a PR effect. The simplest
materials consist of an inert polymer doped with a charge generating species, charge

conducting species and nonlinear optical (NLO) chromophores. However, it 1s usually
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desirable to incorporate at least one of the required functionalities into the polymeric
host to minimise the inert volume in the material. The two most prominent approaches
that have emerged utilise either NLO active polymers, or photoconductive polymers, as

the host matrix.

1.3.1.1.1. Doped materials based on non-linear optical hosts

The first example of a PR polymer9 was comprised of a cross-linkable, NLO
epoxy polymer, bisphenol-A-diglycidylether-4-nitro-1,2-phenylenediamine (I), doped
with 30wt% of the hole transporting agent diethylaminobenzaldehydediphenyl
hydrazone (II). Two beam coupling experiments illustrated that the performance of this
material was poor, generating an optical gain of 0.33cm™, in comparison to an
absorption coefficient of 10cm™. Although a net optical gain was not observed, the

possibility of preparing polymeric PR materials had nevertheless been illustrated.
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The linear epoxy polymer, bisphenol-A-diglycidylether-4-nitro-4’-aminotolan (III),
doped with 30wt% diethylaminobenzaldehydediphenylhydrazone (II), has also been

reported to display a weak photorefractive effect'’. However, a net optical gain was not

exhibited (I" = 1.8cm™, o = 18cm™).
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The only other example of a PR material based upon a NLO polymer host, for
which conclusive evidence of PR properties has been reported'', was composed of a
copolymer  of  methyl methacrylate and  (N-methyl-4-nitroanilino)-2-N-
ethylmethacrylate (IV), doped with 30wt% of the hole transporting agent
diethylaminobenzaldehydediphenylhydrazone (II) and 0.6wt% of the charge generating
agent Cg fullerene. However, as in the previous examples of this class of PR materials,

a net gain was not observed (I' = 0.6cm™, o =3.4cm™).
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1.3.1.1.2. Doped materials based on charge-transporting polymers

Research conducted on charge-conducting polymers as hosts for PR polymer
mixtures, has focused almost exclusively on poly(N-vinylcarbazole) (PVCz). The
performance of composites utilising other charge-conducting polymer hosts, such as
poly[(4—11—butoxyphenyl)ethylsilane]12, has been comparatively limited thus far.

The first PR polymer reported to exhibit net optical gain consisted of PVCz (V),
doped with 33wt% of the NLO chromophore 3-fluoro-4-(diethylamino)-(E)-B-
nitrostyrene (VI) and 1.3wt% of the sensitiser 2,4,7-trinitro-9-fluorenone (VII). The net
optical gain of 7.2 cm’', although relatively low, was in excess of that expected from the
electro-optic PR effect alone. An extensive study of the effect of chromophore structure
upon the performance of the resultant materials'’, revealed that the lowering of the glass
transition temperature (T,), by the plasticising effect of the dopants, greatly enhanced
the performance of the materials. The orientational enhancement effect'® was
subsequently proposed to explain this phenomenon, prompting a flurry of activity,
focusing upon enhancement of the mobility of the chromophore by lowering the Ty of

the host material.
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Two distinct strategies have emerged as methods of optimising the performance
of PR composites via the orientational enhancement effect; addition of plasticisers, and
utilisation of a charge-conducting polymer having a lower T,. Both approaches have led
to significant improvement in the performance of polymeric PR materials.

The introduction of plasticisers to the PR polymer composite has proved the

most popular approach, as it is a much simpler technique that allows a vast array of
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materials to be prepared and surveyed in a relatively short period of time. Most studies

have focused on the use of N-ethylcarbazole as the plasticising agent'>'°

, with optimum
performance being found for materials having a T, approximately equal to room
temperature'®. A PVCz composite'’ doped with 33wt% of the NLO chromophore 2,5-
dimethyl4-(p-nitrophenylazo)anisole (VIII), 1.3wt% of 2,4,7-trinitrofluorenone, and
20wt% of N-ethylcarbazole, was found to exhibit a net optical gain of 207cm’. The
remarkable performance of this material led to the construction of a prototype optical
pattern recognition system'®.

A similar level of performance has been reported for composites comprised of
low T, polysiloxanes bearing pendant carbazole groups (IX), doped with 43 wt% of the
NLO chromophore (VIII) and 1 wt% trinitrofluorenone'”. The net optical gain observed
(220 em™) and excellent optical quality of this material facilitated the construction of a

digital data recording device™.

OCH;4

(VIII) (IX)

Despite the excellent PR properties observed for composite materials, they are
not suitable for many applications, owing to their inherent lack of meta-stability. The
principal cause of this low shelf-life (typically a few days’") is crystallisation of the
dopants that leads to phase separation and loss of optical transparency. Several
strategies have been employed to overcome this problem, such as utilisation of lower
chromophore concentrations, liquid chromophores, and liquid plasticisers®*. However,
all attempts to construct crystallisation resistant composites have resulted in materials

exhibiting significantly poorer PR properties.
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1.3.1.2. Fully-functionalised PR polymers

The critical problem of phase separation in composite PR polymers can be
overcome by synthesis of a single component system, bearing all functionalities
necessary to furmish a PR effect, a fully-functionalised PR polymer. The construction of
such materials is presently the main focus of research in this field.

The first reported fully-functional PR polymer was a polyurethane having
charge generating, charge conducting and NLO chromophore species linked into the
chain (X)**. However, the PR effect in these materials, although observable, was too
weak to quantify. Subsequent attempts”® %> to improve the properties of these materials
by alteration of the component ratios also proved futile, achieving a maximum optical

gain of only 0.88cm™ in comparison to an absorption coefficient of 194 cm™.

SO,CH;
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Net optical gain for fully-functional PR polymers was initially observed for a
low T, polyurethane, comprised of bifunctional charge conducting carbazole NLO
chromophores linked by alkyl chains (XI)*°. Although the net gain was only 6 cm™, it
was nonetheless significant, proving that high performance single component PR

polymers were viable.
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The largest net optical gain for a fully-functional PR polymer, 198cm™, was
reported  for a  conjugated  phenylenevinylene = polymer, bearing a

tris(bipyridyl)ruthenium charge sensitising complex in the backbone and having

30




Bt s

pendant (4-sulphonylmethyl)-p-aminostibene NLO chromophores (XII)27’
believed that the high performance of this material is a due to the extremely high
efficiency of charge generation efficiency exhibited by the tris(bipyridyl)ruthenium
complex, combined with the high photoconductivity afforded by the conjugated

backbone.
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Attempts to improve the performance of this material by lowering the T, or exchanging
the charge generating complex have thus far proved ineffective®.

The fully-functionalised PR polymers described thus far, all suffer from a
common problem. The functionalities required to furnish a PR effect are borne by
separate monomer units, limiting their concentration in the resultant polymer. It is
probable that this limits the ultimate performance of the material. It is believed that a
polymer having all functionalities incorporated in each repeat unit would thus
circumvent this problem. Only one example of such a material has appeared in the
literature to date, poly {(4-nitrophenyl)-[3-[N-[2-(methacryloyloxy)ethyl]-
carbazolyl]]diazene} (XIH)3O. However, although the existence of a PR effect was
conclusively proven by 2BC experiments, the magnitude of the gain coefficient was not
reported. Moreover, it is anticipated that the performance of this class of material will

be comparable to that of PVCz based composites.

31




(XIIT)

In summary, significant progress has been made in the field of photorefractive
polymers over the last six years. The performance of these materials is still not
comparable to those of their inorganic counterparts, but it is anticipated that further
advances in the near future will facilitate the realisation of this goal. It is felt that such
advances would in part be afforded by the development of techniques capable of

synthesising PR polymers of precisely controlled architecture.

1.4. Polymer synthesis

1.4.1. Introduction

The synthesis of polymers can be achieved by a wide variety of techniques, all
of which can be categorised into one of two distinct groups, depending upon the
reactions and mechanisms involved in the polymerisation process; step growth, or
condensation polymerisations and chain growth, or addition polymerisations. This
distinction was first made by Carothers®'. Step growth polymerisation proceeds by the
combination of monomers, dimers and oligomers and generally involves the elimination
of a small molecule such as H,O, CO; or NH;. Chain growth polymerisation proceeds
via the successive addition of monomer to a propagating chain end, with the overall
process being comprised of three distinct stages: (i) initiation, the generation of the
active centre; (ii) propagation, the repeated addition of monomer to the active centre;
(iii) termination, the seizure of the kinetic chain growth process by neutralisation or

transfer of the active centre. There are numerous species that can induce chain growth
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polymerisation and hence this category can be further subdivided according to the
nature of the active centre generated. The main sub-categories are free-radical
polymerisation32, anionic polymerisation”, cationic polylllel'isation34, coordinative
polymerisation, such as Ziegler-Natta35 and metathesis systems36, and group transfer
polymerisation®’. Of these, free-radical polymerisation is the most universal, allowing
the polymerisation of a vast range of vinyl monomers in a wide range of media, without
the need for stringent purification of the reagents utilised. Free-radical polymerisation 1s

thus the most industrially important polymerisation process.

1.4.2. Free-radical polymerisation

A free-radical is an electrically neutral atomic or molecular species possessing
an unpaired electron. Such species are capable of reacting with the n-bond of olefinic
monomers to generate a chain carrier, which under appropriate conditions is capable of
propagating a macromolecular chain. The mechanism of the chain growth process

occurs in three distinct stages, as illustrated in scheme 1.1.

Initiation

kg
R—R ——» 2Rx*
k-

R¥ + M — 3 R—M*

Propagation

§:

R—M* ¥ nM ——» Pn*

Termination

Pr—Pn

2 Pp*

Pn—H T Pr=

Scheme 1.1. Mechanism of free-radical polymerisation.

The initiation step is comprised of two stages; initiator decomposition,

generating the primary radicals, followed by attack on a2 monomer unit to form the chain
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carrier. Generally, the rate of decomposition of the initiator is slow in comparison to the
rate of addition of a primary radical to a monomer and the rate of termination. The rate
of initiation, R;, is thus represented by equation 1.1, where the factor 2 is utilised to
express the production of two primary radicals from the thermolysis of each molecule of

initiator, and fthe efficiency of initiation.

Riziw—*]:zkyf[l] (1.1)

Typical examples of initiators generating radicals by thermal decomposition are
benzoyl peroxide and o,0’-azobisisobutyronitrile (AIBN). Radicals can also be
generated by photolysis, redox reactions or by ionising radiation (o, -p-, y-, or X-rays).
However, thermolysis is the most commonly used technique and hence the following
description will only describe the case for this.

The generated chain radicals grow, or propagate, by rapid successive additions
of monomer units. The velocity of the propagation step, kp, 1s assumed to be
independent of both the size of the chain radical and of the medium, i.e. monomer
concentration and nature of any diluent. Thus the rate of bimolecular propagation is
assumed to be constant for each step and hence the rate of polymerisation, R, can be

described by equation 1.2.

Rp = ’d[d—l\t/l:l = kp[Pn *][M] (12)

[M] is the concentration of monomer and [Pn*] is the concentration of propagating
radicals.

Monomer addition occurs predominantly in a head-to-tail fashion to ensure
retention of the most stable radical. The reactivity of the chain radical 1s thus
determined by the resonance stabilisation from the c-substituents. It is therefore found
that k, increases in the order styrene < methacrylate < acrylate.

Termination of the propagating chains generally occurs by interaction of any
pair of radicals to form inactive dead polymer chains, although it may occur by transfer
reactions. As termination is a bimolecular process, the rate of termination, R;, can be

expressed by
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R = k[Pn*]’ (1.3)

where k, is the rate constant of termination, which comprises both the rate constant of
termination for combination, k., and the rate constant of termination for
disproportionation, ky (i.e. ki = ki¢ + kia) - In most free-radical polymerisations, the half-
life of decomposition of the initiator is such that primary radicals are continually
generated throughout the course of the polymerisation, and hence if the rate of
termination is less than the rate of initiation, the concentration of active centres will
continuously increase. In the extreme case, this may propagate to explosive proportions.
However, in most polymerisations a steady-state predominates, where the concentration
of active centres can be regarded as being constant. Under such circumstances R; =R,
[P.*] is typically of the order of 10 mol dm™. Moreover, as the rate of formation of
radicals is counterbalanced by their rate of destruction, for a polymerisation utilising

thermolysis of a molecule to generate radicals,

2kaf [1] = kPn*}’ (1.4)

Thus an expression for the concentration of active centres can be derived.

ki

[P.*] =[k—"@)lﬂ | (1.5)

Substitution of this expression into equation 1.4, gives the following equation for the

overall rate of polymerisation.

2
Ry = k(ﬁ;ﬂj (M) (1.6)
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From this it can be seen that when the efficiency of initiation is high, the rate is
proportional to the monomer concentration and the square root of the initiator
concentration. However, when f is low, it becomes a function of the monomer
3

concentration and hence Ry, is proportional to [M]

Using the above model it is possible to derive expressions for the kinetic chain

length, v, which is a measure of the average number of monomer units adding to an

active centre during its lifetime. Under steady-state conditions

VE—=— = (1.7)

As v is inversely proportional to the rate of polymerisation, an increase in the
temperature and a consequent increase in the rate of polymerisation results in a decrease
in the kinetic chain length. Moreover, v is also inversely proportional to the radical
concentration and hence a certain degree of control over the chain length can be
exercised by manipulation of the initiator concentration. However, the nature of the
polymerisation, particularly the continuous generation of active centres and the
unavoidable occurrence of termination reactions, precludes the exercise of a high level

of control comparable to that achievable with other techniques.

The average degree of polymerisation, D_p , 1s related to the kinetic chain length
by equation 1.8, where q is a scaling factor dependent upon the mechanism of

termination.

Dp=qv (1.8)

For termination by combination, q = 2, but where termination occurs by

disproportionation g = 1. However, in certain cases D—p is not within these limits and
hence it is apparent that another mode of termination is occurring. This alternative
mechanism is referred to as chain transfer.

Chain transfer occurs through the transfer of activity to another species, as

illustrated in scheme 1.2.
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R* + X—Y i’ R—X + Y*

Scheme 1.2. Chain transfer process.

When the product is sufficiently active another chain will emanate and hence chain
transfer has no effect on the rate of polymerisation. Chain transfer is essentially a
competitive process between transfer and propagation where the effectiveness of a
given agent, the chain transfer constant, C, is defined as k/k,. The magnitude of C is
dependent upon the nature of the transfer agent and the monomer. It 1s also dependent
upon temperature, as the activation energies of the transfer and propagation processes
are generally different.

There are several types of chain transfer that can occur. Transfer to monomer,
other than the conventional initiation or propagation steps, generally occurs through
hydrogen abstraction, as illustrated in scheme 1.3. However, in most cases the effect is
so small that it goes relatively unnoticed. For example in the polymerisation of styrene

at 60°C such transfer occurs on average only once for every 10° growth steps™.

R—H * HyC=C*

X
R* * H,C=CH

X
R—H * HyC=CH
Xk

Scheme 1.3. Transfer to monomer.

For allylic monomers the effect is considerable and is regarded as degradative transfer.
The large magnitude of the effect arises from the formation of the resonance stabilised

allylic radical by abstraction of the a-hydrogen, as shown in scheme 1.4.

k * *
tr
R* + H,C=CH—CH,0COCH; —# R—H * H,CZ==CH-=CH—OCOCHj;

Scheme 1.4. Allylic radical formation.
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Transfer to polymer can also occur, but is generally only manifested in the latter
stages of the polymerisation when the concentration of polymer is relatively high in
comparison to the monomer concentration. As shown in scheme 1.5, such reactions lead
to structural branching and consequently result in broadening of the molecular weight
distribution. This reaction is known to occur readily in the high pressure polymerisation

of ethylene’®.

*

Pn—CH,—CHX © Pm-CH5 CHX—Py

* CH7CHX
Pn—CH5 CH,X * Pm-CH5CX—Py ——» Pm-CH2—CI?X—Py
cH,
*CHX

Scheme 1.5. Transfer to polymer.

When polymerisations are conducted in solution as opposed to the undiluted
state, or bulk polymerisation, marked effects on the chain length can be observed.
Solvents can act as transfer agents, with the magnitude of their effect dependent upon
the concentration of the solvent, the strength of the bond involved in the abstraction
step, and the stability of the radical formed. The principle effect is a decrease in the

average degree of polymerisation, with telomerisation occurring when the process is

particularly prominent. The influence of the transfer process upon the D_p can be
estimated from a simplified form of the Mayo equation, which assumes that the

predominant mode of transfer is that to solvent.

L (L) L9
by \Dp) " C (%)

Examples of chain transfer constants to styrene at 60°C for some agents are listed in

table 1.1.
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Solvent 10°* C,

Benzene 0.023
n-Heptane 0.42
CCly 90
CBry 22000

n-Butyl mercaptan | 210000

Table 1.1. Examples of chain transfer constants™ .

Initiator efficiency can be effected by transfer processes. Radicals can attack
initiator molecules, as shown in scheme 1.6, leading to incorporation of initiator
fragments as end groups. Although the process may lead to initiation of new chain
carriers, when it is predominant, such as in the case of organic peroxides, it leads to
poor initiator efficiency. The effect is not pronounced for azo initiators, which are hence

preferred for kinetic studies.

R* T X—X —#» R—X T X*

X ' M — X—M*

Scheme 1.6. Transfer to initiator.

The effect is very pronounced for certain classes of initiators. Such compounds
are referred to as inifers (initiator-transfer agents) and include organosulphur
compounds'. Tnifers result in degradative transfer and they can be used for the
production of low molecular weight chains with functional end groups. However, other
compounds, such as alkyl mercaptans, are more commonly used for controlling the
molecular weight of polymers. Indeed, many reports of the use of such compounds have
appeared 1n the literature®.

When the radical produced by chain transfer is relatively stable and the rate of
re-initiation of polymerisation is slow, the transfer agent will retard the rate of
polymerisation. Nitrobenzene is a compound well known to exhibit such behaviour.
Moreover, in extreme cases when the transfer agent is particularly efficient, it may
completely suppress polymerisation by converting the primary radicals into inactive

species. Such compounds are called inhibitors, with diphenyl picryl hydrazyl being an
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example'!, and are commonly utilised to prevent autopolymerisation during the
transport and storage of monomers.

In summary, it is apparent that free-radical polymerisation is an extremely useful
technique, with the neutrality of the species involved facilitating the polymerisation of a
vast range of monomers. However, it is clear that its use for the synthesis of
macromolecules of precisely controlled architecture is precluded by the unavoidable

occurrence of termination and transfer reactions.

1.4.3. Living radical polymerisation

1.4.3.1. Characteristics of living polymerisation

A living polymerisation is defined as a polymerisation in which propagation
proceeds in the absence of termination or transfer reactions and the growing chain ends
remain active even after all monomer has been consumed. For such a polymerisation, in
which the rate of initiation is fast compared to the rate of propagation, and hence the
growth of all polymer chains occurs at the same rate, the resultant polymers will display
narrow molecular weight distributions. The molecular weight distribution will then have

a Poisson distribution** given by;

(1.10)

Moreover, where the efficiency of the initiation step is complete, such that each
initiating molecule generates one discrete propagating chain, the number average degree

of polymerisation will be given by;

[M]o-[M]:

Don =
P (o

(1.11)

Thus, for reactions with a high rate of initiation relative to the rate of propagation, the

molecular weight increases linearly with monomer conversion. Conversely, if the rate of
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initiation is slow then the resultant polymers will possess a broad molecular weight
distribution.

In a living polymerisation, the chain ends remain active after the consumption of
all monomer, and hence the additional polymerisation will be induced 1f more monomer
is added. However, in reality this concept is unachievable, as all chain ends will
eventually isomerise, react with their surroundings or otherwise decompose, regardless
of their nature. Therefore, a living polymerisation is practically defined as one in which
the chain ends remain active long enough to allow any further synthesis to be
completed.

The first example of such a polymerisation, the anionic polymerisation of
styrene initiated by sodium napthalide (scheme 1.7), was reported by Szwarc®. The
polymerisation was conducted by initially adding sodium to a solution of napthalene in
THF to produce the green napthyl radical-anion, and then subsequently adding styrene.
Upon addition of styrene, the solution becomes red due to the transfer of an electron
from the napthyl radical-anion to the monomer, producing the styryl radical-anion. The
subsequent combination of two of these radical-anions results in the formation of
dianions, which propagate from both ends. The persistence of the red colour after
consumption of all the monomer attests to the living nature of this polymerisation.
Moreover, further evidence of the living nature of this polymerisation was obtained by
the observation of a molecular weight increase upon the addition of a second batch of

monomer to the completed polymerisation.
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Scheme 1.7. Living anionic polymerisation of styrene.

Since this discovery, living polymerisation has become well established in the
areas of anionic polymerisation®, cationic polymerisation®” and group transfer
polymerisation%. However, more recently, due to the limitations of the aforementioned
techniques, living radical polymerisation has emerged as the predominant area of
research activity in this field. Whilst this technique cannot be considered as truly living,
due to the unavoidable occurrence of radical termination and transfer reactions, it is
nevertheless capable of yielding well defined polymers and copolymers which, after
depletion of all monomer, are capable of further growth upon addition of more
monomer. However, it is possible to argue that the occurrence of irreversible
termination, albeit of a negligible or undetectable quantity, is unavoidable in all

currently known polymerisation systems. Hence, it is presently correct to categorise

radical polymerisations displaying similar behaviour as living polymerisations.

1.4.3.2. Early developments — a model for living radical polymerisation
The first report of the possibility of a living radical polymerisation appeared in
1957*7. The principle was based upon the intermittent irradiation of an emulsion

polymerisation with a light source, which when utilised produced ultrahigh molecular
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weight polymers displaying extremely narrow molecular weight distributions

(1.01<E/E < 1.13). Subsequently, other possibilities were proposed for radical
polymerisations of some organised monomers complexed with guest compounds such
as perhydrotriphenylene48, of ethylene initiated with triethyl aluminium/y-
butyrolactone/tert-butyl perisobutyrate@, and of methyl methacrylate in the presence of
zine chloride®®. However, none of these studies presented or furnished any significant
evidence of a living radical polymerisation.

The first real progress towards the realisation of a living radical polymerisation
was made by Otsu, whom proposed the iniferter (initiator-transfer agent-‘ferminator)
concept’” 2 which is notably similar to Kennedy’s inifer theory for cationic
polymerisation5 ?. The concept, as shown in scheme 1.8, was based upon the reversible
dissociation of a polymer end group into a primary reactive propagating radical and a
more stable secondary radical species that cannot initiate polymerisation, but only
recombine with a primary radical. Otsu proposed that under the correct conditions, such
that there is a reservoir of dormant species in equilibrium with a minute concentration
of radicals, the continued dissociation and recombination of the two radical species

would allow polymerisation to proceed with a minimum of irreversible termination

reactions.

A~ CHy—CH—X wAACH,—CH + X

k n HZCzCH

P

WV<CH2——CH>7CH2~—-E{——~X —_— wN(CHz—CHfCHZ—CH + x
| | | /o |
R R

R R

Scheme 1.8. The iniferter concept.
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Otsu™ and Braun™ initially reported the use of carbon-centred radicals based
upon arylmethanes as suitable reversible end-capping agents. Otsu also illustrated that
tetraalkylthiuram disulphides and dithiocarbamates could be used as photoiniferterssz’ %
and subsequently that tetramethylene disulphide could be used as a thermal iniferter™®
for the polymerisation of styrene. However, despite the effectiveness of these
techniques for the synthesis of homopolymers, block co-polymers and star polymers,
none yielded polymers displaying narrow molecular weight distributions comparable to
those achievable by the well-established ionic living polymerisation techniques.
Nevertheless, the principle of reversible deactivation of propagating radicals had been
proven and an ideal model for controlled/living radical polymerisation developed.

Currently, there are three general approaches towards generating an equilibrium

between dormant chains and active propagating radicals, as shown in scheme 1.9.

1. Dissociation-combination

k

act e [
P,—X P, + X
kdeact
2.Degenerative transfer
e kacl ®
P,—X + P, P + P,—X
kdcucl
3. Atom transfer
kacl °
P.—X + A = P, + XA
kdcacl

Scheme 1.9. Approaches to controlled/living radical polymerisation.

The first approach is analogous to Otsu’s model, involving the reversible
dissociation and combination of propagating and stable radicals, and 1s referred to as
stable free radical polymerisation. The second approach 1s based upon a
thermodynamically neutral exchange process between propagating radicals and dormant
species, typically referred to as degenerative transfer. The third example, although

essentially the same as the first approach, is based upon the catalysed, reversible
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cleavage of the covalent bond in the dormant species via a redox process. This process

1s currently known as atom transfer radical polymerisation.

1.4.3.3. The persistent radical effect

Despite the explicit differences between the three aforementioned approaches,
they are all dominated by the same four processes; activation, deactivation, propagation
and termination. Hence it is not surprising that the control over the polymerisation in

. . . . . 57.58
each case is evolved via the same mechanism, known as the persistent radical effect™ ™™

59

Considering the ideal case of a polymerisation involving only reversible radical
formation, propagation and termination, and ignoring additional side reactions and
chain length dependencies of rate constants, the following process can be envisaged.
Activation of the dormant chains results in formation of transient propagating radicals
and less reactive persistent species in equal concentrations and at the same rate. The
persistent species do not react with themselves, but only cross-couple with the fransient
radicals to reform dormant chains. However, the highly reactive transient radicals are
less selective and can undergo propagation, cross-couple with the persistent species to
reform dormant chains, or irreversibly self-terminate. Owing to the stoichiometry of the
equilibrium, occurrence of the self-termination reaction generates an excess of the
persistent species. As the polymerisation proceeds, this excess increases continuously.
Thus, the cross-coupling reaction of the transient radicals with the persistent radicals
becomes more and more favourable compared to the self-termination reaction. In this
manner, the self-termination reaction is inhibited, allowing the polymerisation to

proceed in a controlled manner with only a negligible amount of termination.

1.4.3.4. Stable free-radical polymerisation
As previously stated, initial attempts to control radical polymerisations utilised

56
. However, the

iniferters, such as arylrnethanes52 and disulphide derivatives™
usefulness of these systems for the synthesis of polymers having a narrow molecular
weight distribution is limited by the slow rate of propagation, the ability of the miferter
fragment to initiate new chains at any time during the course of the polymerisation and
the loss of the activity of the iniferter fragment. Nevertheless, these systems established

the concept of living radical polymerisation.
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Catalytic chain transfer polymerisation, utilising organocobalt complexes, has
been shown in some cases to proceed in a controlled manner, with molecular weight
evolving with increasing conversion of monomer™. Davis et al have illustrated that this
living character is a result of reversible end-capping of the polymer chains by stable
organocobalt radicals®’. However, although such systems are effective under the correct
conditions, they are predominantly used to attenuate the molecular weight of polymers
in free-radical polymerisation by the conventional catalytic chain transfer process.

The pioneering work of Solomon and Rizzardo on the use of stable nitroxyl
radicals as reversible end-capping agents in vinyl polymerisationGZ’ %3 has led to a flurry
of activity in this field in recent years. In particular, Georges et al have widely reported
the use of 2,2,6,6-tetramethylpiperidinyloxy (TEMPO) for the pseudo living radical
polymerisation of styrene initiated by benzoyl peroxide® ®. The optimisation of this

technique allowed the production of polystyrenes having narrow molecular weight

distributions (1.15 < MX/E <1.3). The exact nature of the mechanism of the
polymerisation, shown in scheme 1.10, has been a topic of great debate, but was

67, 68
66, 67, , to be

confirmed by extensive studies, using electron spin resonance techniques
similar to the initial “model for living radical polymerisation” proposed by Otsu et al
(scheme 1.8.). It is of note that these studies also revealed a low stationary concentration
of propagating species in these polymerisations ([Pn*] ~ 10®M), which is one of the

principal factors permitting the synthesis of narrow polydispersity resins.

D —5; 5

kp

M

Scheme 1.10. mechanism of TEMPO mediated polymerisation of styrene.

The typically high temperatures required to induce homolysis of the -C-ON

~_bond (125-140°C) and unsuitably long polymerisation times, have raised concerns over
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the effect thermal polymerisation plays in the initiation of the polymer chains®’°,

Indeed, Hawker et al have shown that such controlled polymerisations can be conducted
in the absence of conventional radical initiators’'.

In an attempt to compensate for such detrimental behaviour, Georges et al
studied the effect of the addition of some known inhibitors of styrene
autopolymerisa‘[ion72 , such as camphor sulphonic acid”? and  2-fluoro-1-
methylpyridinium—p—toluenesulphonate74, to the TEMPO mediated polymerisation of
styrene. It was found that the additives accelerated the rate of polymerisation by
consumption of TEMPO”, but that this effect was manifested at the expense of the level
of control afforded over the polymerisation. However, optimisation of the ratio of the
additive to TEMPO allowed the production of polymers displaying molecular weight
distributions comparable to those observed for polymers synthesised in the absence of
such additives.

Other attempts to overcome the problems associated with the polymerisation of
styrene at elevated temperatures, focused upon the use of nitroxides other than TEMPO,
which have been shown to form weaker -C-ON bonds’®. Nitroxides such as N,N-di-terz-
butyl nitroxide (DTBN)"’, pyrrodinyloxyl78 and N-tert-butyl-1-diethylphosphono-2,2-
dimethoxypropyl nitroxyl (DEPN)79, have all been reported as effective alternatives for
the controlled polymerisation of styrene. However, none of these examples afforded any

significant advantages over TEMPO for the controlled polymerisation of this monomer.

S

o -0 |
I PO O
—/( P=0
0 OEt
DTBN DEPN Pyrrodinyloxyl

Whilst TEMPO and other nitroxide derivatives have been shown to be
particularly useful for the controlled polymerisation of styrene and its derivatives®” ®!,
they have not been widely reported as being applicable for the well-controlled
polymerisation of other categories of vinyl monomers. The only exception 1s DEPN,
which has been utilised to control the polymerisation of n-butyl acrylate’’. However,

Hawker et al have recently published a report claiming the development of a universal

alkoxyamine (XIV) for “living” free-radical polymerisationgz.
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(XIV)

Indeed, whilst this adduct has been shown to be effective for the homo and
copolymerisation of a wide range of monomers, it has also been found to be
incompatible with some functional monomers such as acrylic acid and glycidyl acrylate.
Despite this, it is apparent from reports such as this that the presently accepted
limitations of nitroxide-mediated “living” free-radical polymerisation can and will be

overcome by the use of stable nitroxides of different structures.

1.4.3.5. Degenerative transfer

An ideal degenerative transfer process consists of a thermodynamically neutral
exchange process between a growing radical and a dormant species bearing a fragment
structurally similar to the active macroradical. To achieve this, the polymer-transfer
agent bond must be resistant to homolytic cleavage, but of sufficient lability to allow a
rapid exchange process. In cases where this is not apparent, a unimolecular process will
occur.

Matyjaszewski et al reported the successful control of the polymerisation of
styrene utilising 1-phenylethyl iodide as the degenerative transfer agentm. The process
operates by the mechanism shown in scheme 1.11, which is initiated by conventional

radical initiators such as benzoyl peroxide or AIBN.

WCHQ'C'H'—_I + \/\/\/‘CHz"CH —_— ‘/\/\"CHz'C'H + \/\/\/‘CHz"CH'—“l

S

RAFT (Reversible Addition-Fragmentation chain 7transfer) is the most recent

Scheme 1.11. Iodine transfer polymerisation.

example of a controlled/living radical polymerisation technique to be reported® ®. The

process as illustrated in scheme 1.12, utilises thiocarbonylthio compounds similar to
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those used by Otsu as iniferters’, to confer living polymerisation characteristics.
However, unlike iniferters RAFT agents exhibit rates of addition and fragmentation that

are fast relative to the rate of propagation, and expel radicals capable of reinitiating

polymerisation.
Initiation
nM .
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Scheme 1.12. RAFT.

The different behaviour of RAFT agents and iniferters is attributed to the
difference in reactivity of the respective thiocarbonyl bonds. The thiocarbonyl group of
iniferters is known to be less susceptible to chain transfer than that of RAFT agents, due
to the delocalisation of the non-bonded electron pair on the nitrogen with the
thiocarbonyl group85 . Such characteristics preclude involvement in reversible addition-
fragmentation reactions. To circumvent such problems Rizzardo et al utilised
compounds with substituents which activate, or more importantly do not deactivate the
thiocarbonyl bond. Examples are shown in scheme 1.13, with compounds where Z is an
activating group such as aryl or alkyl, or derivatives where the lone pair of electrons on
the nitrogen is involved in an aromatic system, such as pyrrole or imidazole, proving the

most effective.
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Scheme 1.13. Typical RAFT agents.

Unlike all other examples of controlled/”living” radical polymerisation reported
to date, RAFT polymerisation appears thus far to be a universal technique. The
homopolymerisation of styrenic, methacrylic and acrylic monomers, as well as
functional monomers such as acrylic acid, p-styrenesulphonic acid and
dimethylaminoethyl methacrylate amongst others, initiated with conventional free-

radical initiators (e.g. AIBN), has been reported to yield resins with narrow molecular

weight distributions (1.02 < E/K/I: <1.3) over a wide molecular weight range (5,000-
500,000 g mol™)® % The controlled synthesis of a variety of copolymers as well as
homo and copolymers of more complex architectures (star, graft etc.) has also been
1'eported86. Moreover, the technique seems unaffected by the reaction temperature or the
medium in which the polymerisation is conducted, and hence appears so far to exhibit a

level of versatility comparable to that of conventional free-radical polymerisation.

1.4.3.6. Atom transfer radical polymerisation

Atom transfer radical polymerisation (ATRP) is essentially an extension of the
well-known atom transfer radical addition reactions widely utilised in organic
chemistry®’. It can be defined as the reversible abstraction of a halide atom from a
dormant pseudo-alkyl halide, by a transition metal complex, to form a propagating
radical and an oxidised metal species. The basic mechanism of this process is shown in
scheme 1.14, and is reliant upon the ability of the metal to shuttle between two

oxidation states, via a one-electron redox cycle.
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Initiation

R—X + M R® + X—M""

ki nM

R—P,—X + M R—P, + X—M""

Propagation

R—P,—X + M/

M
Scheme 1.14. ATRP.

A wide range of transition metal complexes have been utilised to mediate ATRP
of various monomers. Table 1.2 lists some of these examples. As the focus of this study
is copper halide/a.-diimine mediated ATRP, a more thorough discussion of this catalyst
system is present in the text following table 1.2. Hence, only one example of copper
halide mediated ATRP is listed. It is also noteworthy that copper halide/o.-diimine has

been the most intensely studied ATRP catalyst system to date.
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Transition metal complex Initiator Monomers Ref.
no.
CuX(a-diimine), Alkyl halide Styrene, methacrylates, |
acrylates
Ru(PPh;);Cl, Alkyl halide/ Methacrylates. 90
MeAl(ODBP), ol
RuH,(PPhj)4 Alkyl halide Methyl methacrylate 7
FeCl,(PR3); Alkyl halide Styrene, methyl 7
methacrylate
FeCsHs(CO),l Alkyl iodide/Ti(Oi-Pr), | Styrene 7
Ni{o,0’(CH;Nme,;)CeHs3}Br | Alkyl halide Methacrylates ”

90

NiBry(PPhs), Alkyl halide Methacrylates, acrylates
NiBr,(Pn-Bus); Alkyl halide Methacrylates, acrylates | 7’
Pd(OAc)/PPhy CCly Methyl methacrylate 78
RhCl3(PPhs)s Alkyl halide Methyl methacrylate 7
ReO,I(PPh;), Alkyl iodide Styrene T00

Table 1.2. Transition metal complexes utilised in ATRP.

Cuhalide/o-diimine mediated ATRP was first reported in 1995, for cu®cl

complexed by 2,2’-bipyridy1101. However, owing to the heterogeneous nature of the

catalyst complex the polymerisation of styrene, methyl methacrylate and methyl

acrylate were 1ll controlle

102, 103
dO

, yielding polymers with relatively broad molecular

weight distributions (Pdi > 1.5). It was subsequently found that the 4,4’-substitution of

the 2,2 -bipyridyl rings with long alkyl chains afforded a more soluble catalyst complex
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% This facilitated the production of polymers having

in hydrocarbon solution'
predetermined degrees of polymerisation (DP, = A[M]/[I]o) and narrow molecular
weight distributions ( 1.05 < PDi. <1.20)'%'%.

An alternative a-diimine ligand to 4,4’-alkyl-2,2’-bipyridyl for CuBr mediated
ATRP was proposed by Haddleton et al. N-Propyl-2-pyridylmethanimine (XV) was
reported to yield a homogeneous catalyst complex in hydrocarbon solution, which
afforded a high degree of control over the polymerisation of methyl methacrylatem. It
was subsequently reported that the solubility of the catalyst complex could be increased
by increasing the length of the pendant alkyl chain on the ligandlog. Surprisingly, this
was found to have no effect upon the level of control afforded over the polymerisation,
which is in stark contrast to that observed for increases in the solubility of the 2,2°-
bipyridyl Cu halide catalyst complex.

A variety of other ligands has been utilised for copper halide mediated ATRP;
1,10—phenanthrolineslog’ Mo (xv, picolylamineslll (XVII and XVIII), multidentate
amines''? (XVIIII, XX, XX1), and sparteine' " (XXII). However, none offer significant

advantages over the two previously mentioned examples.
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Alkyl halides (chloride or bromide) are typically used as initiators in copper
halide/a-diimine mediated ATRP. The selection of the appropriate molecule, which
yields a suitably high ratio of the rate of initiation to the rate of propagation, is essential
for controlled polymerisation. Alkyl halides that closely resemble the halogen end-
capped chain end are generally utilised. For example, 1-phenylethyl bromide is
commonly used for the ATRP of styrene. Moreover, arenesulphonyl chlorides have
been reported to be a class of universal initiators, capable of effectively initiating the
polymerisation of styrenic, methacrylic and acrylic monomers''*. In each case, near-
complete initiation is observed, as the highly reactive arylsulphonyl radicals generated
cannot self-terminate. However, the polymer radicals generated are susceptible to
termination and unless a suitable concentration of deactivator is present at the outset
termination reactions will develop.

The precise mechanism of copper halide/oa-diimine mediated ATRP has been of
great debate. It 1s generally accepted that the copper halide i1s complexed by 2
equivalents of the ligand, and that abstraction of a halogen atom from a dormant chain,
to form a chain radical, results in rearrangement from a tetrahedral Cu complex to a
distorted square based pyramidal Cu™ complex, as shown in scheme 1.15. It is assumed
that the cationic copper(a-diimine), complexes are complexed by a halide counteranion.
However, Matyjaszewski et al have recently reported that this may not be the case,

suggesting that a [CuX,] species actually fulfils the role of counteranion'"”.
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Scheme 1.15. Mechanism of copper halide/c-diimine mediated ATRP.

Although the exact nature of the copper complexes is not known, the formation
of Cu™ complexes during ATRP has been confirmed by electron paramagnetic
resonance SpCCtI‘OSCOpyHé. Furthermore, the formation of an excess of deactivator (5%

Cu relative to Cu") during the incipient stages of the polymerisation was also
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observed, suggesting the persistent radical effect is operational. Further evidence for
this phenomenon was provided using the GPC curve resolution method'"’.

There is powerful evidence to suggest that the assumed ATRP equilibrium is
operational, but no direct evidence of the nature of the propagating species has been
reported. This is primarily owing to the paramagnetic nature of the catalytic species
precluding the direct observation of radicals by electron spin resonance or electron
paramagnetic resonance spectroscopy. Nevertheless, there is considerable indirect
evidence that reinforces this claim.

The most powerful piece of evidence supporting the radical nature of the

118 . . [ .
. This technique utilises conventional

propagating species in ATRP i1s reverse-ATRP
radical initiators, such as AIBN, in conjunction with Cu"halide/a-diimine complexes
to enter the ATRP equilibrium from the opposite side to that from which it is
conventionally approached. This illustrates that free-radicals are efficiently scavenged
by the Cu" deactivating species, and that the resultant adducts can participate in ATRP.
However, although this confirms that radicals can be involved in the initiation step, it
does not prove that the propagating species formed after the initial deactivation are also
free-radicals.

Further substantial evidence for propagation via a free-radical species 1s
provided by the similarity of regio- chemo- and stereo-selectivities observed for
polymers synthesised by ATRP and free-radical polymel*isati011”9. Moreover, atom
transfer radical copolymerisation reactivity ratios for numerous sets of monomers have
also been observed to be identical to those known for free-radical polymerisation”q

The addition of scavengers or initiators that are selective for a particular active
site is a common ploy for distinguishing between ionic, radical, and coordination
mechanisms. As ATRP has been shown to be effective in the presence of water and
small quantities of nucleophiles, polymerisation involving cationic or anionic
intermediates can be excluded. Furthermore, the termination of the ATRP of styrene
upon addition of galvinoxyl, strongly suggests that radicals are involved. However, the
possible deactivation of the catalyst by such species cannot be discounted.

It is noteworthy that Haddleton et al reported that the rate of polymerisation of
methyl methacrylate was accelerated in the presence of phenols, which are commonly
used inhibitors of free-radical polymerisation''”. On the basis of this, it was suggested

that ATRP could not proceed via radical intermediates'>’. However, phenols have
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previously been shown to be ineffective retarders of polymerisation in the absence of
oxygen'”. It is also probable that the rate acceleration is manifested as a result of the
reduction of Cu" deactivating species by phenol, given that a similar reaction of
hydroquinone with silver halides is well known, and is commonly utilised in the
photographic development processm.

Considering the evidence concerning the mechanism of ATRP, it is currently
reasonable to assume that it can be described by scheme 1.15. Thus, assuming that the
propagating species are radicals, the rate of polymerisation can be described by equation

1.12.

d[M]

Rp:——d—t:kp[Pn*][M] (1.12)

Where Rp = the rate of polymerisation.
[M] = the concentration of monomer.
t = time.
k, = the rate constant of radical propagation.

[Pn*] = the concentration of propagating species.

The steady-state assumption for the concentration of propagating radicals is expressed

by

d[Pn *]
dt

= K, [PnX][Cu® / 2L] = k o, [Pn*][Cu®X /2L] = 0 (1.13)

and thus,

k,.[PnX][Cu®/2L]

P *| — act - 114
[Pn~] [Cu™x/2L] (1.14)

kdcact
Where k,.; = the rate constant of activation.
Kgeact = the rate constant of deactivation.
[PnX] = the concentration of dormant chains.

[Cu™/2L] = the concentration of activating species.
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[Cu'VX/2L] = the concentration of deactivating species.

Substitution of equation 1.14 into equation 1.12, under the assumptions that the rate of
initiation is faster than the rate of propagation and that the equilibrium between dormant

and active species is rapid and shifted to the dormant species, yields

o Ml kg [PoX][Cu® /2L ] ] (1.15)
p_ dt Y kdcacl[cu(”)X/zL] |

which can be simplified to

cu” /2L
Rp =k,[Pn *][M]kaeq[an]o[Lﬁi—/—z]a[M] (1.16)

Where Keq = Kaci/Kgeacr and [PnX]o = the initial concentration of Initiator.

Several reports detailing thorough investigations of the ATRP of various
monomers have appeared in the literature. The rate of propagation has been reported to

Ohalide'®

be first order with respect to the concentration of monomer, initiator andﬁ Cu
128 Determination of the external order of the reaction with respect to Cu"” deactivator
has proved elusive, owing to its in situ formation via the persistent radical effect. Even
when polymerisation is conducted in the presence of an initial concentration of
deactivator in excess of that typically formed, more deactivator is still generated' ' The
concentration of propagating species has been estimated to be of the order of 10%M %%
108,124 "This is comparable to that observed for other living radical polymerisation
techniques, and is suitably low to ensure termination is negligible. The equilibrium

24 with the constituent rate

constant has been estimated to be in the region of 10® 1051
constants of activation and deactivation estimated as approximately 10’ M s and 10’
M s respectively®. Moreover, the activation frequency has been estimated and has
been shown to be the principle reason for the formation of narrow polydispersity

polymers from an early stage of the po]ymerisation' 7
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1.5. Synthetic applications of ATRP

ATRP has the potential ability to facilitate the synthesis of polymers of precisely
controlled architecture, composition and functionality. The realisation of such potential
would result in advances in current materials technology, and hence this is providing a

driving force for the current intensive activity in this field.

1.5.1. Functional polymers

It is generally assumed that the propagating species in ATRP are free radicals
and therefore it is assumed that the technique will display similar versatility to that of
conventional free-radical polymerisation, allowing the polymerisation of a vast range of
Monomers.

The homopolymerisation of numerous methacrylic and acrylic monomers

125 2-hydroxyethyl

bearing pendant functional groups, such as glycidyl acrylate
acrylate126 and methacryloyl—l,2:5,6-di-O—isopropylidene—D—glucofuranose]27, has been
conducted using the conventional copper halide/4,4’-dialkyl-2,2’-bipyridyl catalyst
system. Haddleton has also reported the use of the CuBr/N-(n-pentyl)-2-
pyridinemethanimine catalyst system for the polymerisation of 5’-methacryloyluridine

. 1 .
and 5’-methacryloyladenosine 28 The structures of these monomers are shown in

Scheme 1.16.
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Glycidyl! acrylate 2-Hydroxyethyl acrylate 3-O-Methacryloyl-1,2:5,6-di-O-1s
opropylidene-D-glucofuranose

0]
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5-methacryloyladenosine S-methacryloyluridine

Scheme 1.16. Monomers bearing pendant functional groups polymerised by
ATRP.

More interestingly, the ATRP of monomethoxy-capped oligo(ethylene oxide)'*’
and sodium methacrylate’”® in aqueous media at ambient temperatures mediated by
CuBr/2,2’-bipyridyl has been reported. The polymerisations proceeded at much faster
rates than that observed for comparable polymerisations in conventionally used non-

polar solvents, with resultant polymers surprisingly displaying narrow molecular weight

distributions (—M‘:/—]\E <1.20). It is thought that the rate acceleration is due to the
preferential formation of the desired monomeric catalyst, Cu(I)(2,2’-bipyridyl), in
aqueous media.

ATRP has also been utilised for the synthesis of polyacrylonitrile displaying

131, 132
. However, the resultant

extremely narrow molecular weight distributions
polymers had molecular weights that were considerably higher than the corresponding
values calculated from 100% initiator efficiency, and the pseudo first-order kinetic plots
displayed significant curvature. The authors were unsure of the reason for this

behaviour, but suggested that alteration of the metal or ligand may facilitate better
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control. Indeed, this approach has proved successful for the ATRP of 4-viny] pyridine133
and methacrylamides'** '*°, where the use of PMDETA and MesTREN respectively as
ligands, as opposed to 2,2’-bipyridyl, dramatically improved the control over the
polymerisation.

It is of note that vinyl acetate, vinyl chloride and acrylic and methacrylic acid
have so far not been polymerised directly by ATRP. Carboxylic acid groups appear
particularly detrimental to ATRP. A study by Haddleton et al'*® suggested that
increasing the ratio of the acid to CuBr/N-(n-butyl)-2-pyridinemethanimine catalyst
above unity results in poisoning of the active catalytic species and broadening of the
molecular weight distribution displayed by the resultant polymers. The only manner in
which these problems can be circumvented is by polymerisation of monomers having
the acid function p1‘otected137, which can subsequently be deprotected to yield the

desired acid functionality.

1.5.2. Telechelic polymers

The synthesis of telechelic polymers by ATRP can be achieved by two routes;
post-polymerisation modification of end groups, or by use of initiators bearing
functional groups. In polymerisations where transfer is negligible, all chains will bear
the initiator fragment. Thus, if an initiator bearing a given functionality is utilised, end-
functional polymers can be synthesised in a single step. This approach has been widely

139, 140 ..
, nitro and

utilised for the synthesis of polymers incorporating allyl”g, hydroxy
amino'*', and thipohene'** functional end-groups amongst others.
Polymers synthesised by ATRP generally possess a terminal halogen group,
which makes them amenable to further reactions. The halogen end-group has been
transformed by post-polymerisation reactions, into a variety of functional groups. These
include allyl'** '*, azido and amino groupsMS‘ a0, although the transformation of the
halogen to virtually any end-group can be envisaged. Moreover, when difunctional
initiators are used, such as dibromo-p-xylene, o,m-difunctional polymers can be
synthesised, as the polymers will possess halogen groups at either end of the chain. This
principle could also be applied to any multifunctional initiator, provided the retention of

the halogen end-groups is possible during the polymerisation.
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1.5.3. Co-polymers

ATRP can be utilised for the synthesis of statistical, alternating, block and graft
copolymers. The kinetic parameters for the atom transfer copolymerisation of any given
two monomers have been found to be similar to those observed in conventional free-
radical polymerisation'*’. The statistical copolymerisations of n-butyl acrylate with
methyl methacrylatems, n-butyl methacrylate with methyl methacrylatem, styrene with
n-butyl methacrylate' 0 and styrene with N—cyclohexylmaleimide15 ' have been reported
and all were found to agree with this (i.e. the reactivity ratios in conventional free-
radical polymerisation and ATRP are interchangeable).

Gradient copolymers of styrene and n-butyl acrylate, in which the sequence
distribution of the repeat units varies in a well-defined way as function of chain length,

152

have been synthesised by ATRP>“. Moreover, alternating copolymers of N-substituted
maleimides with styrene have also been synthesised'*®, further indicating the versatility
of ATRP.

Block copolymers can be synthesised by ATRP by two methods; sequential
monomer addition, or by use of macroinitiators. The former of these two methods is the
most simple, involving addition of a second monomer after consumption of the first.
The one-pot synthesis of acrylate-methacrylate block copolymers was achieved in this
way15 * However, the latter of the two aforementioned techniques appears the preferred
route, as it allows tailoring of the nature of the catalyst and medium to the synthesis of
the second block.

The alterations generally concern interchange of the halogen end group from a
Br to a CJ, by a process deemed “halogen exchange”‘ss’ '3 The exchange is moderated
by changing the catalyst from CuBr to CuCl, with Cl then replacing Br as the end-cap
due to its greater affinity to form a bond with carbon. Matyjasewski illustrated this
technique to be particularly effective for the synthesis of ABA triblock copolymers of
methyl methacrylate and methyl acrylate using a difunctional initiator>’, where
CuBr/bis(bromopropionyloxy)ethane is the preferred couple for the synthesis of well
defined poly(methyl acrylate) blocks. If the Br end-groups of the central poly(methyl
acrylate) block are not replaced by Cl, the initiation of the second methyl methacrylate
block is slow and incomplete and resultant polymers display broad bimodal molecular

weight distributions. A variety of other thermoplastic elastomers have also been

prepared by ATRP, utilising butyl acrylate, methyl acrylate, or 2-ethylhexyl acrylate as
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the central soft block, with styrene, methyl methacrylate, or acrylonitrile as the hard A
blocks'™* ',

Macroinitiators prepared by polymerisation techniques other than ATRP have
also been utilised for block copolymer synthesis. Polymers synthesised by living
carbocationic polymerisation are perhaps the most amenable to this transformation, as
they generally possess halogen end-groups. For example, polystyrene-polyisobutene,
poly(methyl methacrylate)-poly(isobutene), poly(methyl acrylate)-poly(isobutene), AB
and ABA block copolymers have been prepared by use of mono or o,m-difunctional
polyisobutene Cl end-capped macroinitiators'** '®" ez,

The use of polymers prepared by other techniques as macroinitiators for ATRP
generally requires the modification of the end-group to that resembling an ATRP
initiator. The synthetic procedures utilised for this, are normally trivial, but must
nonetheless be very efficient.

The transformation of polymers synthesised by living anionic polymerisation to
ATRP macroinitiators, as shown in scheme 1.17, can be achieved by first reacting the
anionic chain end with styrene oxide and then subsequently reacting the product with
bromoisobutyrylbromide (BriBBr). Macroinitiators such as polystyrene and
polystyrene-polyisoprene have been found to be efficient for the synthesis of AB and
ABA block copolymers respectively, with styrene, methyl acrylate, butyl acrylate,

methyl methacrylate and acrylonitrile'®.

o]
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Scheme 1.17. Transformation of anionic polymerisation to ATRP.
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Polynorbormene synthesised by living ring-opening methathesis polymerisation
(ROMP) mediated by a Schrock carbene complex, has also been transformed into and
used as a macroinitiator for ATRP of a variety of monomers'®, as shown in scheme
1.18. It is anticipated that this technique will be compatible with other polycyclics
synthesised by ROMP, and hence will facilitate the synthesis of a variety of new

materials.

Y

o]

>

Scheme 1.18. Transformation of ROMP to ATRP.

Similar techniques have been developed for the synthesis of ABA copolymers
with a central block that has been synthesised by step growth polymerisation, such as
polysulphone or polyestersl(’s. In fact, any polymer with an amino or hydroxy end-group
can be modified, by reaction with 2-bromopropionyl bromide or similar, to form a
macroinitiator for ATRP. For example, the use of poly(oxyethylene) in this role has
been widely reponed”’(” 167,129,

Inorganic/organic hybrid materials can also be synthesised by the macroinitiator
method. Poly(dimethylsiloxane) benzyl chloride functionalised macroinitiators can be
used for the synthesis of di and triblock copolymers with styrene and a variety of
acrylateswg.

Most recently, radical telomerisation has emerged as a facile route to
macroinitiators of vinyl polymers that can only be synthesised by conventional free-
radical polymerisation. The transfer agent is utilised to incorporate end-groups mnto the
polymer that are capable of initiating ATRP. Block copolymers of vinyl acetate with
styrenel(’9 and n-butyl acry]ate”o, and poly(vinylidene fluoride) with styrene'”' have
been synthesised in this manner. Other attempts to synthesise similar materials
employed functionalised azo-initiators to furnish polymers with end-groups capable of
initiating ATRP'”®. However, this route yields polymers with much broader molecular

weight distributions.
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1.5.4. Multi-armed polymers

Multiarmed or branched polymers are of great interest because of their potential
to form unique spatial shapes, lower degrees of chain entanglements and lower viscosity
in comparison with their linear counterparts. There are numerous ways to prepare such
polymers by ATRP.
The simplest procedure involves the use of multifunctional initiators with three or more
nitiating sites as the central core from which the growing chains radiate. A range of
different molecules have been utilised to synthesise star polymers, shown in scheme
1.19, ranging from simple trifunctional initiators, such as 1,3,5-(2’-bromo-
2’methylpropionato)benzene 173 and 1,1,1-tris(4-(2-bromoisobutyryloxy)phenyl)
ethanem, to more complex tetra, hexa and octafunctional initiators based on
calixarenes'’™ 7, hexaphenyl — benzenes'’’,  cyclotriphosphazenes'’®,  and
cyclosiloxanes'*. Star polymers with much higher numbers of arms radiating from a
central dendritic core have also been synthesised”g An extravagant attempt to
synthesise star polymers with 45 or more arms using a hyperbranched polyglycerol

macroinitiator has also been reported'”’.
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Scheme 1.19. Multifunctional initiators for ATRP.

Densely grafted, or brush polymers, can also be synthesised by ATRP. The
preferred route, illustrated in scheme 1.20, involves grafting from a macroinitiator with

branch points at every repeat unit in the backbone'*’.
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Scheme 1.20. Synthesis of graft polymers by ATRP.

Hyperbranched polymers
polymerisationlgl, shown in scheme 1.21, which utilises bifunctional monomers in
which one of the functionalities can be activated by an external trigger to cause the free-

radical polymerisation of the other. Such monomers thus bear both a vinyl group and an

initiator group.

can be
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Scheme 1.21. Self-condensing vinyl polymerisation.

183, 184, 185 have

p—Chloromethyls‘[yrene182 and 2-(2-bromopropionyloxy)ethyl acrylate
been shown to be suitable candidates for this process. However, both polymerisations
are subject to problems, such as biradical termination reactions, which if prolific
generate a large excess of the deactivator and thus retard the polymerisation.
Matyjaszewski sought to overcome this problem by use of zero-valent copper as a
reducing agent for copper(il) deactivating species. Moreover, whilst this allows the
polymerisations to be driven to higher conversion, it does not prevent the detrimental
termination reactions. Hence, without further improvements this technique cannot be
utilised to produce well-defined polymers with controlled degrees of branching.

However, it does have the potential to facilitate the synthesis of dendritic polymers in a

single step.
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1.6. Scope of the project

It is evident that ATRP offers the potential to synthesise a wide range of
speciality materials. The ultimate aim of this project is to develop an effective ATRP
catalyst system for the polymerisation of methacrylic monomers bearing bifunctional
photoconductive NLO chromophores. It is anticipated that this could then be utilised for
the synthesis of multi-armed PR polymers of precisely controlled architecture.

The scope of this project is to develop an effective ATRP catalyst system for the
polymerisation of methacrylic monomers, using suitable commercially available model
monomers. The kinetics and the effects of the concentrations of the various components
upon the polymerisation are to be studied, to facilitate the development of a thorough
understanding of the polymerisation system. This knowledge may then be utilised for
the optimisation of the reaction conditions for the polymerisation of the model

monomers, and subsequently the target monomers.
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2. Experimental

2.1. Vacuum techniques

The vacuum line, illustrated in figure 2.1, was constructed of pyrex glass and
consisted of a single manifold (A) with a series of B19 ground glass joints connected to
this by PTFE greaseless taps. The manifold was connected to a mercury diffusion pump
and an Edwards rotary vacuum pump via a main tap. Two liquid nitrogen cold traps
were present to prevent vapours generated in the system from entering and
contaminating the vacuum pump. The mercury diffusion pump and the rotary vacuum
pump were used in combination to reduce the internal pressure of the system to
approximately 10*mm Hg, which was measured using a mercury “vacustat” gauge. A
nitrogen supply was also connected to the system to allow manipulation of materials

under an inert atmosphere.

Nitrogen Main tap

o

Vacustat gauge

Water inlet

T '

Mercury diffusion

Semmera
pump

T )

cold trap / - \& ) ! /.E -

Water outlet ! :,fii;; )
I To rotary
: 1 N Vacuum

] B pump
Power supply | - ! .
Band heater

Liqui nitrgen

cold trap

Figure 2.1. Vacuum line.
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2.1.1. Freeze-thaw degassing

In order to remove unwanted dissolved gases from solution and facilitate
distillation of materials under vacuum, liquids were degassed by a freeze-pump-thaw
degassing process. The flask containing the material was connected to the vacuum line,
the main tap opened and the manifold evacuated. The material was then frozen by
immersing the flask in liquid nitrogen. When frozen, the tap on the flask containing the
material was opened and the flask evacuated. Once the pressure in the system had
reached its minimum value again, the tap on the flask was closed and the contents of the
flask allowed to warm to room temperature, releasing trapped gases. The contents of the
flask were then frozen once more, the tap on the flask was opened and the flask re-
evacuated to remove the released gases. When the pressure in the system reached a
minimum value, the tap on the flask was closed and the material allowed to warm to
room temperature. The procedure was repeated until no further gas was released during

the thawing stage of the process.

2.1.2. Trap-to-trap distillation

The vacuum line was utilised to transfer degassed liquids to a second vessel by a
trap-to-trap distillation procedure. The flask containing the degassed liquid and the
receiver flask were attached to the vacuum line and the manifold evacuated. The
receiver flask was immersed in liquid nitrogen and then subsequently evacuated by
opening the tap on this flask. When the pressure reached a minimum level the main tap
was closed to isolate the manifold from the pump. The tap on the flask containing the
degassed liquid was then opened allowing the material to distil. When the desired
amount of material had been collected in the receiver flask the taps on the flasks were

closed and the main tap opened to remove any remaining vapours from the manifold.

2.2. Argon dry box

A dry-box supplied by Halco engineering Ltd was utilised to allow storage and
manipulation of materials under an inert atmosphere. The apparatus consisted of a main
compartment with access gloves and a double door posting port. The main compartment
was maintained under an argon atmosphere which was constantly re-circulated through

moisture and oxygen absorbent columns containing 3A molecular sieve and BASF
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R311 catalyst respectively. The double door posting port allowed equipment and
materials to be transferred to and from the port without breaching the atmosphere within
the main compartment. Transfer of materials into the main compartment was achieved
by sealing the door connecting the main compartment and the port, placing the desired
articles in the port, sealing the outer door of the port and then subsequently subjecting
the port to three cycles of evacuation and filling with argon. The door connecting the
main compartment to the port was then opened and the articles transferred from the port
into the main compartment. The removal of articles from the main compartment was

achieved by the reverse of this procedure.

2.3. Materials and purification

2.3.1. Styrene

Styrene, 99% purity, was purchased from the Aldrich Chemical Company and
stored in a refrigerator until required. The product was supplied with 0.005% by weight
of the commercial auto-polymerisation inhibitor 4-tert-butyl catechol, which was
removed by standing 250ml of the liquid over 20g of sodium hydroxide pellets. Styrene
was subsequently distilled under high vacuum by the trap to trap distillation technique
(section 2.1.2), directly from this flask into a vacuum flask containing 10g of calcium
hydride over which it was stored in a refrigerator until required. Monomer was then
distilled under high vacuum directly from this flask into the polymerisation vessel as

required.

2.3.2. Methyl methacrylate
Methyl methacrylate, 99% purity, was purchased from Aldrich and purified by a

procedure identical to that described for styrene.

2.3.3. Xylene

A solution of mixed isomers of xylene, 98% purity, was purchased from Fisher
Scientific and purified by first standing over anhydrous magnesium sulphate and then
subsequently over calcium hydride. When required the appropriate quantity of xylene
was distilled under high vacuum directly into the reaction vessel by the trap to trap

distillation technique described in section 2.1.2.
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2.3.4. Diglyme
Diglyme, 99+% purity (anhydrous), was purchased from Aldrich and used
without further purification. The material was stored and handled exclusively in the

argon dry box.

2.3.5. Dimethyl sulphoxide
Dimethyl sulphoxide, 99+% purity (anhydrous), was purchased from Aldrich
and used without further purification. The material was stored and handled in the argon

dry box.

2.3.6. N,N’-Dimethyl formamide

N,N’-Dimethyl formamide 99% (HPLC grade) was purchased from Fisher
Scientific and stored in a vacuum flask over calcium hydride. When required, the
appropriate quantity was distilled under high vacuum from this flask into the desired

reaction vessel.

2.3.7. N,N’-Dimethylacetamide
Dimethylacetamide, 99+% purity (anhydrous), was purchased from Aldrich and
used without further purification. The material was stored and manipulated exclusively

in the argon dry box.

2.3.8. 1-Phenyl ethyl bromide
1-Phenyl ethyl bromide, 98% purity, was purchased from Lancaster Synthesis
and used without further purification. The material was stored and manipulated in the

argon dry box.
2.3.9. Ethyl-2-bromoisobutyrate

Ethyl-2-bromoisobutyrate 98% was purchased from Lancaster and used without

purification. The material was stored and manipulated in the argon dry box.
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2.3.10. Copper (I) bromide
Copper(I) bromide, 99.999% certified purity, was purchased from the Aldrich

chemical company and used without further purification.

2.3.11. Copper (II) bromide
Copper (IT) Bromide, 99.999% certified purity, was purchased from Aldrich and

used without further purification.

2.3.12. Methanol
Methanol, SLR grade, was purchased from Fisher Scientific and used without

further purification.

2.3.13. Hexane
Hexane, SLR grade, was purchased from Fisher Scientific and used without

further purification.

2.3.14. Tetrahydrofuran
Tetrahydrofuran, HPLC grade, was purchased from Fisher Scientific and used

without further purification.

2.3.15. Magnesium sulphate
Magnesium sulphate, 98% purity (anhydrous), was purchased from Aldrich and

stored in an oven at 200°C until required.

2.3.16. Calcium Hydride
Calcium hydride, 97% purity, was purchased from Avocado Chemicals and used

without further purification.
2.3.17. Carbazole

Carbazole, 98% purity, was purchased from Lancaster and used without further

purification.
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2.3.18. 2-Chloroethanol
2-Chloroethanol, 98% purity, was purchased from Lancaster and used without

further purification.

2.3.19. Potassium hydroxide
Potassium hydroxide, 97% purity, was purchased from Lancaster and used

without further purification.

2.3.20. 4-Nitro aniline
4-Nitro aniline, 98% purity, was purchased from the Acros Chemical Company

and used without further purification.

2.3.21. Hydrochloric acid
Hydrochloric acid, 35% aqueous solution, was purchased from Fisher scientific

and used without further purification.

2.3.22. Sodium nitrite
Sodium nitrite, 98% purity, was purchased from the Acros Chemical Company

and used without further purification.

2.3.23. Water
Water, HPLC grade, was purchased from Fisher Scientific and used without

further purification.

2.3.24. Sodium lauryl sulphate
Sodium lauryl sulphate, 95% purity, was purchased from the Aldrich and used

without further purification.
2.3.25. Dichloromethane

Dichloromethane, SLR grade, was purchased from Fisher and used without

further purification.
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2.3.26. N-(2-hydroxyethyl) carbazole
N-(2-hydroxyethyl) carbazole was synthesised by the procedure described in

section 2.5.1.

2.3.27. Methacryloyl chloride
Methacryloyl chloride, 97% purity, was purchased from the Lancaster chemical

company and used without further purification.

.2.3.28. Triethylamine
Triethylamine, 98% purity was purchased from the Lancaster chemical company

and used without further purification.

2.3.29. (4-Nitrophenyl)-[3-[N-(2-hydroxyethyl)carbazolyl]]diazene
(4-Nitrophenyl)-[3-[N-(2-hydroxyethyl)carbazolyl]|diazene was synthesised by

the procedure described in section 2.5.2.

2.3.30. Sodium carbonate
Sodium carbonate, 98% purity, was purchased from the Lancaster chemical

company and used without further purification.

2.3.31. (4-Nitrophenyl)-[3-[N-[2-(methacryloyloxy)ethyl] carbazolyl|] diazene
(4-Nitrophenyl)-[3-[N-[2-(methacryloyloxy)ethyl] carbazolyl]]  diazene was

synthesised by the procedure described in section 2.5.3.

2.3.32. 2-Pyridinecarboxaldehyde
2-Pyridine carboxaldehyde, 99% purity, was purchased from the Aldrich

chemical company and used without further purification.
2.3.33. n-Alkyl amines

Propylamine, butylamine and octylamine, all 99% purity, were purchased from

the Lancaster chemical company and used without further purification.
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2.3.34. Diethyl ether
Diethyl ether, SLR grade, was purchased from Fisher scientific and used without

further purification.

2.3.35. Ethanol
Ethanol, 99% purity, was supplied by the Fisher chemical company and used

without further purification.

2.3.36. N-(n-alkyl)-2-pyridinemethanimines
N-(n-propyl)-2-pyridinemethanimine, N-(n-butyl)-2-pyridinemethanimine, N-
(n-octyl)-2-pyridinemethanimine were synthesised by the procedure described in section

2.4.

2.4. The synthesis of N-alkyl-2-pyridinemethanimines

N-propyl-2-pyridinemethanimine, N-butyl-2-pyridinemethanimine and N-octyl-
2-pyridinemethanimine were synthesised by the condensation of the appropriate n-alkyl
amine with pyridine-2-carboxaldehyde in a Schiff’s base reaction. The general synthetic
procedure utilised is described as follows.

10mL of pyridine-2-carboxaldehyde (0.105 mol) was dissolved in 80mL of
diethyl ether. 0.12 mol of the appropriate amine was added dropwise with stirring to the
solution over 10 minutes, after which 5g of anhydrous magnesium sulphate was added.
The mixture was stirred for a further 30 minutes. The magnesium sulphate was then
removed by filtration and the solvent, and any unreacted amine, subsequently removed
by rotoevaporation. The resultant golden-yellow oil was stored in a a sealed flask in a

freezer until required.

76



2.5 The synthesis of  (4-nitrophenyl)-[3-[N-[2-(methacryloyloxy)ethyl]

carbazolyl]]diazene

The synthesis of (4-nitrophenyl)-[3-[N-[2-(methacryloyloxy)ethyl] carbazolyl]]
diazene (MOECarb) was achieved by a modified procedure of that reported by Ho et
al’®. The overall reaction scheme consists of three steps and is summarised in scheme

2.1.

NHZONOZ
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KOH HCl(aq)
Cl—CHyy CHy-OH
Hz CHy NaNO,
CHy CHy OH
N
NaLS l CH,Cl/H,0
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Scheme 2.1. Reaction scheme for the synthesis of MOECarb.

As illustrated, N-(2-hydroxyethyl) carbazole was obtained by the alkylation of
carbazole and then coupled with 4-nitrobenzenediazonium chloride in a two phase
water-dichloromethane  mixture.  Esterification  of  (4-nitrophenyl)-[3-[N-(2-
hydroxyethyl)carbazolyl]]diazene with methacryloyl chloride gave the desired
monomer. The respective methods by which each step was conducted are described 1n

sections 2.5.1,2.5.2, 2.5.3.

2.5.1. The synthesis of N-(2-hydroxyethyl) carbazole
14.0g ( 0.25 mol) of powdered potassium hydroxide was weighed into a 250ml

single necked round bottomed flask. 80ml of DMF was added to this and the mixture
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stirred at room temperature for 15 minutes. 6.6g (0.040mol) of carbazole was then
added and the mixture stirred at room temperature for 45 minutes. 4.0g (0.050 mol) of
2-chloroethanol was added slowly and the resultant mixture stirred overnight. The
mixture was then poured into 1.5 L of water and allowed to stand for approximately 30
minutes to allow the precipitation of the product to reach completion. The resultant
white solid was filtered, washed with copious amounts of distilled water and air-dried.
The product was then purified by dissolving in ethanol, filtering off the insoluble
residue and reprecipitating in distilled water. The white solid was filtered, air-dried and

subsequently dried under vacuum at 50°C.

2.5.2. The synthesis of (4-nitrophenyl)-[3-[N-(2-hydroxyethyl)carbazolyl]]diazene
2.8g (0.020 mol) of 4-nitro aniline was weighed into a 1L three-necked round
bottomed flask and dissolved in a solution of concentrated HCl (10ml) in water
(300ml). The mixture was then cooled in an ice bath until the temperature was below
5°C. 1.6g (0.022 mol) Sodium nitrite dissolved in 10mL of water was then added slowly
to the mixture, whilst the temperature of the reaction mixture was maintained below
5°C. The resultant solution was stirred for 30 minutes and the low temperature
maintained, after which 1.0g of sodium lauryl sulphate was added followed by a
solution of N-(2-hydoxyethyl)carbazole (8.4g, 0.04 mol) in dichloromethane (300mL).
The mixture was stirred vigorously at room temperature for 24 hours after which
200mL of ethanol was added and the DCM layer removed by rotoevaporation. The red
precipitate was filtered, washed with copious amounts of water, air dried and finally

dried under vacuum at 50°C.

2.5.3. The synthesis of (4-nitrophenyl)-[3-[N-[2-(methacryloyloxy)ethyl]
carbazolyl]] diazene

3.6g (0.01 mol) of (4-nitrophenyl)-[3-[N-(2-hydroxyethyl)carbazolyl]]diazene
was weighed into a 250mL three-necked round bottomed flask, followed by 1.2g (0.012
mol) of triethylamine. The mixture was dissolved in 100mL of tetrahydrofuran and a
solution of methacryloyl chloride (1.5mL, 0.011mol) in tetrahydrofuran (SmL)
subsequently added slowly over a 30 minute period. The mixture was then stirred
overnight at room temperature. The solvent was removed by rotoevaporation and the
residue washed with approximately 200mL of a one weight percent solution of sodium

carbonate in water. The red solid was filtered, washed with water and air-dried.
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2.6 Polymerisation techniques

2.6.1 Batch reactions
All batch polymerisations were conducted in a vessel such as that shown in

figure 2.2.

Nitrogen

Suba seal

B19 joint

Figure 2.2. Batch polymerisation vessel.

The required quantity of CuBr was weighed into the reaction vessel followed
by the appropriate amount of the N-alkyl-2-pyridinemethanimine ligand. The vessel was
sealed with a rubber septum and attached to the vacuum line. The contents of the flask
were then subjected to one freeze-pump-thaw degassing cycle. The mass of the flask
was recorded and the appropriate amount of monomer distilled directly into the vessel
under high vacuum by the technique described in section 2.1.2. For polymerisations
utilising xylene and/or DMF as the solvent, the appropriate quantity of solvent was
distilled into the reaction vessel under high vacuum by the trap-to-trap distillation
technique. The reaction mixture was then subjected to three freeze-pump-thaw
degassing cycles (section 2.1.1) after which the vessel was charged with nitrogen at
atmospheric pressure. The vessel was then transferred to the argon dry box and the
desired amount of initiator (1-PEBr or 2-EiBBr) and a magnetic stirrer bar were added.

For polymerisations utilising solvents other than xylene or DMF, the reaction

mixture was subjected to three freeze-thaw degassing cycles immediately after the
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addition of the monomer. Again, the vessel was charged with nitrogen at atmospheric
pressure after completion of the final freeze-thaw degassing cycle and transferred to the
argon dry box where the appropriate quantities of solvent (diglyme, DMSO, DMA),
initiator (1-PEBr or 2-EiBBr) and a magnetic stirrer bar were added.

In all cases the solutions prepared were immediately immersed in an oil bath,
maintained at the desired reaction temperature, and stirred continuously under a gentle
nitrogen purge maintaining the reaction vessel at atmospheric pressure. After the desired
time period the reactions were halted by dissolving the solution in approximately 50-
fold excess of tetrahydrofuran. The samples were then placed mn a fume cupboard and
the solvents and residual monomer allowed to evaporate. The residue was subsequently
dried to constant weight in a vacuum oven at 45°C. The percentage conversion of
monomer was then calculated by gravimetry, as described in section 2.7.3. The polymer
samples were purified by dissolving in tetrahydrofuran and precipitating in a non-
solvent such as methanol or hexane, for polystyrene and poly(methyl methacrylate)

respectively.

2.6.2 Sampling reactions

Sampling reactions were conducted in a polymerisation vessel fitted with an
Omnifit® “column bleed valve”, as illustrated in figure 2.3. This enabled the samples to
be withdrawn from the reaction mixture without breaching the atmosphere within the
vessel.

In all cases the reaction mixtures were prepared by a procedure identical to that
described for batch polymerisations in section 2.4.1, except that the omnifit valve was
used in place of a rubber septum. Samples withdrawn from the reaction liquor were
treated by the same procedure as that described for the termination and subsequent

analysis of batch reactions.
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Figure 2.3. Sampling vessel.

2.6.3. Polymerisation of  (4-nitrophenyl)-[3-[N-{2-(methacryloyloxy)ethyl]

carbazolyl]] diazene

2.6.3.1. Free-radical polymerisation of (4-nitrophenyl)-{3-[N-{2-
(methacryloyloxy)ethyl]carbazolyl]]diazene
The conventional free-radical polymerisation of (4-nitrophenyl)-[3-[N-[2-

(methacryloyloxy)ethyl]carbazolyl]]diazene was conducted by preparing a 10(w/w)%
solution of the monomer in DMSO and adding to this the appropriate quantity of the
initiator 2,2’-azoisobutyronitrile, such that the ratio of initiator to monomer was 1:200.
This solution was subjected to three freeze-thaw degassing cycles and subsequently
charged with nitrogen. The vessel was immersed in an oil bath, maintained at 90°C, and

stirred continuously under a gentle nitrogen purge maintaining the reaction vessel at
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atmospheric pressure. The polymerisation was allowed to proceed for 48 hours, after
which it was stopped by pouring the solution into ethanol. The resultant red precipitate
was filtered under vacuum, washed with ethanol to remove any remaining residual

monomer, air-dried and subsequently dried under vacuum at 50°C.

2.6.3.2 ATRP of (4-nitrophenyl)-[3-[N-[2-(methacryloyloxy)ethyl]carbazolyl]]
diazene

The ATRP of (4-nitrophenyl)-[3-[N-[2-(methacryloyloxy)ethyl]carbazolyl]]
diazene was conducted by an identical procedure to that described for styrene and
methyl methacrylate in section 2.4.2. The only exception to this procedure was that
during the preparation of the reaction mixture the solvent was added prior to the freeze-

thaw degassing cycles, to facilitate removal of trapped gases from the solid monomer.

2.6.3.3 Atom transfer radical copolymerisation of MMA and (4-nitrophenyl)-[3-[N-
[2-(methacryloyloxy)ethyl] carbazolyl]] diazene

The co-polymerisation of methyl methacrylate and (4-nitrophenyl)-[3-[N-[2-
(methacryloyloxy)ethyl]carbazolyl]] diazene was conducted by a procedure similar to
that described in section 2.4.3.2 for the homopolymerisation of (4-nitrophenyl)-[3-[N-
[2-(methacryloyloxy)ethyl]carbazolyl]] diazene. The exception to this procedure was
that the required quantity of MMA was distilled into the vessel after freeze-thaw
degassing of the (4-nitrophenyl)-[3-[N-[2-

(methacryloyloxy)ethyl]carbazolyl]]diazene/catalyst solution.

2.7. Analysis techniques

2.7.1. Gel permeation chromotography

Gel permeation chromatography (GPC), which is also commonly referred to as
size exclusion chromatography (SEC), 1s a technique used for determining the
molecular weight distribution of a given polymer sample. The mechanism is reliant
upon the fractionation of the sample into its constituent molecules according to their

hydrodynamic volume. This separation is achieved by passing a solution of the sample
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through a series of columns containing a stationary phase of highly cross-linked
polystyrene beads having a controlled distribution of pore sizes. Separation is effected
by the sieving action of the stationary phase, with molecules entering or being excluded
from pores according to their hydrodynamic volume. Thus, molecules having a greater
hydrodynamic volume will be eluted from the columns more rapidly than molecules
with a lesser hydrodynamic volume, as they are excluded from a greater fraction of

pores than their smaller counterparts.

2.7.1.1. Apparatus

Figure 2.4 shows a schematic illustration of the gel permeation chromatograph
used. A Knauer HPLC pump was used to pump the mobile phase, HPLC grade THF,
through the system at a rate of ImL min™". THF solutions of the polymer, ~ 0.25% w/v,
were prepared and introduced into the system via the injector. The sample was then
pumped through the column set, before passing through the Knauer differential
refractometer, U. V. detector and subsequently to waste. The column set was supplied
by Polymer Laboratories and consisted of a pre-column filter, a mixed B column and a
n-PL gel column with an exclusion limit of 10° A. The columns were contained in a
thermostatically controlled oven, which maintained the temperature at 40°C, to
circumvent errors due to fluctuations in temperature. The outputs of the detectors were

passed to a Polymer Laboratories DCU and analysed using PL Caliber® software.

83



Differential
Solvent recycler UV detector refractometer

HPLC pump

Inj ecto/

Pre-coluni n—
filter

Waste  Solvent
solvent reservoir Ovenm—m—p Columns

Figure 2.4. Gel permeation chromatograph

2.7.1.2. Theory

A typical gel permeation chromatogram is illustrated in figure 2.5. When a
differential refractometer is used as the detector then the difference in refractive index
(An) between the solvent and the polymer solution in the solvent at any given elution
volume, is proportional to the height, h, at that point. Hence the difference in refractive
index is dependent on the concentration of polymer in the eluent and the weight fraction

of polymer at that elution volume.
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The number average (M—n) and weight average (M—W) molecular weights of a polymer
can be defined as;

— - —  XINjM?
n—ZNIMI and My = sl (2.1)
2 N; 2N iMj
where N; = number of molecules of molecular weight M;.
If W; is the weight fraction of polymer at molecular weight M; then;
Wioc Ny M; and Nj o i 2.2)
1
and;
— > Wi — 2 WiM;
=——"—2—and My,="""2L. (2.3)
Y wi/M; v 2 Wi

Given the above relationships the molecular weights can be calculated from the SEC
trace by;

(2.4)

To determine the relationship between the molecular weight of eluted polymer

(M;) and the elution volume, a series of polystyrene standards of known molecular

weight and molecular weight distribution (~1\_/[—W/M—n) were analysed. A calibration
curve was thus constructed by plotting the logarithm of the molecular weight against the

observed elution volume and a 3™ order polynomial equation describing this
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relationship was subsequently obtained. Figure 2.6 shows the calibration curve utilised,
which was then utilised to construct a molar mass distribution curve for the polymer

under study.

log (molecular weight)

10 12 14 16 18 20

Elution volume/cm’

Figure 2.6. GPC calibration curve for polystyrene standards.

However, as different polymers swell to different extents in a given solvent, the
hydrodynamic volume of chains of the polystyrene standard and the polymer under
study of a given molecular weight may differ, and hence if the polymer under study is
not polystyrene, then the molecular weight values derived are not necessarily absolute
values. This problem can be circumvented and absolute values obtained for polymers
other than the calibrant by using the universal calibration method. This compensation
relies upon the fact that the hydrodynamic volume of a polymer molecule in solution is
proportional to its intrinsic viscosity [n], and molecular weight. Thus, two polymers
eluting at the same elution volume must have the same hydrodynamic volume and

therefore;

(] M1 = [n2] Mz (2.9)

where [n;] and [n.] are the intrinsic viscosity’s of the two polymers

and M, and M; their molecular weights.
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The intrinsic viscosity of a polymer is related to its molecular weight by the equation
] = KM* (2.6)

where K and o are the Mark-Houwink constants for polymers in different solvents.

Hence for co-eluting polymers
K1 Mla : M1 - Kz MzOQ Mz . (27)

Thus the absolute molar mass value of the unknown can be obtained from

(1 Otl) 1 (Klj
loe =] +———1 —_— .
0gM»> (1 2) 0g M1 (1 2) og (2 8)

if the Mark Houwink constants are known for both the calibrant standard and the

polymer under study.

2.7.2. Gravimetry

The extent of monomer conversion achieved for a given polymerisation sample
was determined by gravimetric analysis. The technique is reliant upon the evaporation
of residual monomer and other volatile components from the sample, to leave a given
mass of polymer and a known mass of non-volatile reaction components. Thus, the

percentage of monomer converted to polymer can be calculated from

(Mg — Mnv)
C=rmp— % 100% (2.9)

M

where C is the %conversion, Mg is the total mass of residue, Myy 1s the mass of known
non-volatiles and My is the initial mass of monomer. For samples withdrawn from a
homogeneous polymerisation solution the quantities were calculated according to the
ratio of the volume of sample withdrawn to that of the volume of the entire reaction
mixture. The accuracy of the technique is thus dependent upon the accuracy of the

measurement of the volume of the sample withdrawn.
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2.7.3 Nuclear magnetic resonance spectroscopy

Fourier transform high resolution 'H and ">C N.M.R. were conducted using a
Bruker AC 300 spectrometer. The spectra recorded corresponded to solutions of the
samples in deuterated chloroform containing a small quantity of tetramethylsilane as
reference. The P.E.N.DA.N.T. pulse technique was utilised for >C analysis and thus
methyl and methine carbons appear as positive peaks and methylene and quaternary
carbons appear as negative peaks. All spectra were analysed using WinNMR software

supplied by Bruker.

2.7.4 Infra red spectroscopy
Fourter transform infra red spectroscopy was conducted on a Perkin Elmer
Paragon 1000 spectrophotometer. The spectra recorded correspond to films of the pure

sample liquid sandwiched between NaCl discs.
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3. Atom transfer radical polymerisation of styrene

3.1. Introduction

The ultimate aim of this work, as stated previously, was to develop an ATRP
technique that facilitates the synthesis of photorefractive polymers of precisely
controlled architecture. The proposed target polymers consist of a poly(methacrylate)
backbone bearing pendant bifunctional charge-conducting, non-linear optical
chromophores, and hence it is imperative that the developed technique is compatible
with and has the capacity to afford a high degree of control over the polymerisation of
such methacrylic monomers. However, considering the relative reactivity of this class of
monomers, it was decided that, prior to the utilisation of the technique for the
polymerisation of methacrylic monomers, a suitable technique would first be developed
for the polymerisation of a less reactive category of monomer. In accord with this,
styrene was selected as the most suitable candidate.

Upon commencing this work numerous reports of the ATRP of styrene mediated
by copper halide/a-diimine complexes had appeared in the literature. Most notably,
Matyjaszewski had described the transformation of the heterogeneous CuBr/2,2’-
bipyridyl catalyst complex to that of a homogeneous system. This transformation was
achieved by the synthesis and utilisation of 4,4’-alkyl substituted bipyridyl ligands.
However, whilst this method is effective, the synthesis of the appropriate ligands is
time-consuming and relatively expensive.

Subsequently, Haddleton et al reported N-propyl-2-pyridinemethanimine
(PPMI) to be an effective alternative to bipyridyl ligands for ATRP, facilitating the
production of a homogeneous reaction mixture and hence allowing a reaction profile to
be developed by the sampling of a single reaction over a given time period.
Furthermore, the synthesis of such compounds was reported to be achievable by a
relatively simple, quick and cost-effective procedure. The use of PPMI in the ATRP of

styrene was thus investigated.
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3.2. N-propyl-2-pyridinemethanimine/CuBr mediated ATRP of styrene

3.2.1. Synthesis of N-propyl-2-pyridylmethanimine

N-Propyl-2-pyridylmethanimine (PPMI) was synthesised by the condensation of
propylamine with 2-pyridinecarboxaldehyde by the procedure described in section 2.4.
The reaction proceeded to quantitative conversion producing the desired product in high
yield (96%).

The product was analysed by infra-red spectroscopy (figure 3.1) and 'H and "C
NMR spectroscopy (figure 3.2 and 3.3 respectively) in accordance with the procedures

described in section 2.7.3 and 2.7.4 respectively.
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Figure 3.1 Infra-red spectrum of PPMI.

90



The infra-red spectrum illustrated in figure 3.1 indicates a successful synthesis.
In particular, the presence of peaks at 1649cm™ (-C=N- stretch) and 1586cm’™ (pyridine
derivative) are indicative of the desired product. Moreover, the absence of a major peak
at approximately 1700cm™ (aromatic aldehyde ~C=0 stretch) indicates that all of the 2-

pyridinecarboxaldehyde was consumed in product forming reactions or was removed

during the purification of the product.
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Figure 3.2 "H NMR of PPMI.
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Figure 3.3. °C NMR of PPMI.

3.2.2 Polymerisation of styrene mediated by CuBr/PPMI

A mixture of styrene/CuBr/PPMI/1-PEBr in a molar ratio of 100:1:3:1 in xylene
solution (50% v/v with styrene) was prepared by the procedure described in section 2.6.
However, it was noted that this mixture was not, homogeneous, as expected, but that a
quantity of the Cu’Br remained insoluble even upon heating to the reaction temperature
(100°C). A series of batch polymerisations was therefore conducted by the procedure
described in 2.6.1, as it would have been difficult to withdraw a representative sample
from such a solution. Any attempts remove samples would also result in the alteration
of the concentrations of the components remaining in the reaction mixture and thus alter

the profile of the polymerisation.

92




The results of the polymerisations are listed in table 3.1. In each case conversion
was determined by gravimetric analysis, as described in section 2.7.2, and the resultant
polymers analysed by GPC., as described in section 2.7.1. Additionally the polymer
recovered from the reaction ceased after 3 hours was also analysed by 'H NMR

spectroscopy (figure 3.4) as outlined in section 2.7.4.

Reaction Time | %Conversion | In([M]¢/[M])) M, M\\'/M_n
/Hours
3.0 29 0.3423 3540 1.35
5.5 41 0.5276 4810 1.34
7.5 53 0.7550 6350 1.44
9.0 60 0.9163 7270 1.66

Table 3.1. Dependence of conversion, molecular weight and molecular weight
distribution on the time of reaction for styrene polymerisation at 100°C mediated

by CuBr/PPMI/1-PEBr.

Figure 3.4 clearly illustrates the successful synthesis of lincar polystyrene
chains. Furthermore, it is also apparent that the reaction was initiated by the 1-
phenylethyl moiety, as the corresponding methyl unit 1s clearly visible on the spectrum
(1.04 ppm). It is also possible to suggest from this spectrum that the chain is end-capped
by a bromine group, as the a-proton of the terminal repeat unit is visible down-field
(4.40 ppm) of the corresponding main-chain protons (1.87 ppm). This is consistent with
the de-shielding effect of a neighbouring atom such as bromine. It is thus apparent that
the polymer synthesised is consistent with that expected for the ATRP of styrene
initiated with 1-PEBr and mediated by CuBr/PPMI. Moreover, from the ratio of the
areas of the peaks corresponding to the methyl group of the initiator fragment, A, and
the main-chain methylene groups and o-protons, B and C respectively, the number-

average molecular weight can be estimated as 2900 g mol”', which is in agreement with

that estimated by GPC (E = 3540).
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Figure 3.4. '"H NMR spectrum of polystyrene.

The results of the polymerisations listed in table 3.3 illustrate that the conversion
of monomer to polymer increases with time, and that the molecular weight also
increases with conversion (figure 3.5 and 3.6). However, it is notable that the observed

values of the number average molecular weight deviate from the values calculated from

100% initiator efficiency (_M_nlh) using equation 3.1,

(1],

— |[M],
Mny =| > x MW, x C [+ MW, 3.1)
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where [M] is the initial monomer concentration, [I]o is the initial concentration of the
initiator, MW, is the molecular weight of the monomer, C is the level of monomer
conversion and MW, is the molecular weight of the initiator. Furthermore, the molecular
weight distribution broadens as the polymerisation proceeds (figure 3.5 and 3.6)
suggesting that the degree of control afforded over the polymerisation is low and

possibly decreases over the course of the polymerisation.
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Figure 3.5. The dependence of molecular weight and molecular weight distribution
on monomer conversion for the polymerisation of styrene initiated by 1-PEBr and

mediated by CuBr/PPMI.
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Figure 3.7. Pseudo first-order kinetic plot for the polymerisation of styrene

initiated by 1-PEBr and mediated by CuBr/PPMIL

Considering the proposed reaction mechanism for ATRP (Scheme 1.14) and
assuming that the rate of initiation is fast compared to the rate of propagation and also
that an insignificant level of termination is occurring, the following rate expressions can

be derived (equations 3.2 and 3.3).

_k,, [Pn #/[cux]
K = [Ca)Pa-x] G2
R —*d[M]—k [M] =k [Pn*[M] =k, K, [P —X]-[EU—(QI—[M] 33
P="yg  FalMITELD pireal T [cuanx] 33

Keq is the equilibrium constant for the formation of the active centre, ks and Kaeaa are
the rate constants of activation and deactivation respectively, [Pn*] is the concentration
of propagating species, [Cu(IDX] and [Cu(D)] are respectively the concentrations of
copper(Il) and copper(l) species, [Pn-X] is the concentration of dormant halogen end-

capped chains, Rp 1s the rate of polymerisation, [M] the concentration of monomer, Kapp
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is the apparent rate constant of polymerisation and k,; is the rate constant of propagation.

Integration of equation 3.3 yields equation 3.4.

In

[M], =k,,,t =k, [Pn*t (3.4)

[M] ( app

Thus, assuming that the propagating species are indeed free-radical in nature then the
steady-state concentration of propagating species ([Pn*]) can be estimated by
combination of the value of kqpp (Kepp = dIn[M]/dt = 2.81 x 10° s ; i.e. the gradient of
the semilogarithmic plot, figure 3.6) and the known rate constant of radical propagation
for styrene at 100°C (k, = 1255 M's")'"®. The concentration of propagating species is
thus equal to 2.24 x10® M. This value is comparable to that observed by Matyjasewski
et al for the copper halide/4,4’-dinonyl-2,2’-bipyridyl mediated ATRP of styrene105 and
Georges et al for the TEMPO mediated polymerisation of styrenem. Hence the
concentration of radicals is suitably low to ensure propagation is favoured over the
undesirable termination reactions synonymous with free-radical polymerisation.
However, it is of note that this is inconsistent with the observed broadening of the
molecular weight distribution with the progression of the polymerisation, which
suggests that a considerable degree of termination is occurring.

As stated previously a quantity of the CuBr remained insoluble even when the
solution was heated to the reaction temperature (100°C) and stirred continuously. This
may have led to inefficient catalysis and therefore a low degree of control being exerted
over the polymerisation and hence the resultant broadening of the molecular weight
distribution as the reaction proceeded.

From these initial experiments it is apparent that PPMI/CuBr complexes are not
wholly soluble in xylene/styrene mixtures and that the inherent heterogeneous nature of
the catalyst leads to inefficient catalysis. Furthermore, to enhance the level of control
afforded over the polymerisation, it is evident that the attainment of a more soluble and

ultimately homogeneous catalyst complex is desirable.
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3.3. The effect of the length of the alkyl chain on N-alkyl-2-pyridylmethanimine

ligands

It has been widely suggested in the literature that the degree of control afforded
over the polymerisation in copper halide/a-diimine mediated ATRP can be enhanced by
increasing the solubility of the catalyst complex. Matyjasewski'®> and Percec'™ have
reported that the solubility of 2,2’~bipyridyl/c0pperm halide complexes in hydrocarbon
solvents can be improved by substitution of an alkyl chain at the 4,4’ positions of the
bipyridyl rings. Therefore the effect of extending the length of the pendant alkyl chain
on N-propyl-2-pyridylmethanimine on the solubility and catalytic activity of the

resultant CuBr complexes was investigated.

3.3.1. The synthesis of N-butyl-2-pyridylmethanimine and N-octyl-2-
pyridylmethanimine

N-butyl-2-pyridylmethanimine (BPMI) and N-octyl-2-pyridinemethanimine
(OPMI) were synthesised by the procedure described in section 2.4. As in the case of
PPMI, BPMI and OPMI were obtained in a high yield (97% and 98% respectively) and
were analysed by infra-red spectroscopy and by 'H and C NMR spectroscopy as
described in sections 2.7.3 and 2.7.4 respectively. The infra-red and NMR spectra,
along with the corresponding peak assignments, for BPMI and OPMI, are shown in

appendix 1 and 2 respectively.

3.3.2. The effect of the length of the pendant alkyl chain on the N-alkyl-2-
pyridylmethanimine ligands upon the polymerisation of styrene at 100°C mediated
by CuBr/ N-alkyl-2-pyridylmethanimine

Reaction mixtures of styrene/CuBr/N-alkyl-2-pyridylmethanimine/1-PEBr in a
molar ratio of 100:1:3:1 in 50% v/v xylene solution were prepared by the procedure
described in section 2.6. In the case of BPMI, as was noted for polymerisations utilising
CuBr/PPMI catalyst complexes, the reaction mixture was heterogeneous and contained
a small amount of undissolved catalyst complex, visible even upon heating to the
reaction temperature (100°C). Therefore, a series of batch polymerisations were
conducted so as to avoid the complications outlined previously, which are associated
with the periodic sampling of a heterogeneous reaction mixture. No such problems were

encountered for OPMI and hence a profile of the polymerisation was drawn-up by

99



periodic sampling of a single reaction. The results of these polymerisations are listed in

tables 3.2 and 3.3 respectively.

Reaction Time % Conversion | In([M]o/[M],) M. Mw/m
/Hours
3 20 0.2231 2360 1.30
4 25 0.2877 2730 1.29
7 46 0.6162 4940 1.29
15 67 1.1394 7150 1.27

Table 3.2. Results of the ATRP of styrene at 100°C initiated with 1-PEBr and

mediated by CuBr/BPMI.

Reaction Time %Conversion | In([M]y/[M],) M. M\V/Mn
/Hours
2 6 0.0619 1178 1.28
5 13 0.1393 1721 1.21
7 25 0.2877 2703 1.25
15 47 0.6349 4873 1.20
20 69 1.1712 7175 1.23
24 84 1.8326 8646 1.19
36 91 2.4079 9419 1.21

Table 3.3. Results of the ATRP of styrene at 100°C initiated with 1-PEBr and
mediated by CuBr/OPMI.

The results 1llustrate that the degree of control afforded over the polymerisation
in both cases is superior to that observed for the CuBr/PPMI mediated ATRP of styrene.
As shown in figure 3.8, the molecular weights of the polymers are in close agreement
with the theoretical values, calculated using equation 3.1, and the molecular weight
distributions are considerably narrower than those observed for polymers prepared with

the aforementioned system. Moreover, the polymers synthesised in the polymerisation
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utilising OPMI as the ligands displayed narrower molecular weight distributions than
those synthesised in polymerisations utilising BPMI as ligands. It is thus apparent that
increasing the solubility of the catalyst complex increases the level of control afforded

over the polymerisation.
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Figure 3.8. The effect of the length of the pendant alkyl chain on the ligand on the
evolution of molecular weight and molecular weight distribution with monomer

conversion.

The rate of polymerisation was found to decrease with increasing alkyl chain
length on the ligand, as shown in figures 3.9 and 3.10. This is surprising, as increasing
the solubility of the catalyst complex would be expected to lead to an increase in the
concentration of active catalytic species and in turn to result in an increase in the
concentration of propagating species and hence an increase in the rate of
polymerisation. However, the observed decrease in the rate of polymerisation can be
associated with an increase in the efficiency of the atom transfer process induced by the
greater solubility of the BPMI and OPMI catalyst complexes relative to the PPMI
analogues. In particular, if the solubility of the deactivating species is enhanced, then

the rate of deactivation of the propagating species will increase. This effect will in turn
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lead to a lower concentration of active propagating species and hence a lower rate of
polymerisation. Furthermore, the lowering of the concentration of the propagating
species would result in a decrease in the probability of the occurrence of bimolecular
termination reactions during the course of the polymerisation and thus favour the
production of polymers displaying narrower molecular weight distribution. This is
consistent with the higher degree of control afforded over the polymerisation which is
observed for polymerisations utilising the more soluble BPMI and OPMI catalyst

complexes compared to the less soluble PPMI analogue.
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Figure 3.9. The effect of the length of the pendant alkyl chain on the ligand upon
the rate of monomer conversion for the polymerisation of styrene mediated by
alkyl pyridinemethanimine/CuBr catalyst complexes in conjunction with 1-PEBr

initiator.
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Figure 3.10. The effect of the length of the pendant alkyl chain on the ligand upon
the rate of  polymerisation of  styrene mediated by alkyl
pyridinemethanimine/CuBr catalyst complexes in conjunction with 1-PEBr

initiator.

The semilogarithmic plot for the CuBr/OPMI mediated polymerisation (figure
3.10) is sigmoidal in nature, which is indicative of a gradual increase in the
concentration of the propagating species during the early stages of the reaction, until a
“steady-state” is achieved. The concentration of propagating species and the rate of
polymerisation then decrease.

Considering the mechanism of Cu®Br/o-diimine mediated ATRP (scheme
1.14), the curvature of the plots in the initial stages may be due to a relatively slow
initiation process, but may also be indicative of the formation of a steady-state
concentration of deactivating Cu™Bry/2L and propagating species via the persistent
radical effect1’®”>” .

The following profile can be envisaged considering the persistent radical effect.
The reaction of Cu®Br/2L with the initiator results in the formation of active initiating
and propagating species and Cu"Br,/2L, with the concentration of each of the former
species increasing with time. Owing to the relatively low concentration of Cu™Br,/2L
in the early stages of the polymerisation, the rate of deactivation is slow and hence the

time the chain-ends spend in the active form is relatively long facilitating bimolecular
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termination reactions and the irreversible formation of an excess of Cu’"Br,/2L. As this
process continues the concentration of Cu™Br,/2L species gradually increases and
therefore the rate of the deactivation process increases, leading to an decrease in the rate
of termination and thus an increase the concentration of chains participating effectively
in a dynamic ATRP equilibrium. After a given period of time, the concentration of
Cu'™Br,/2L is sufficiently large to sustain an efficient deactivation process, suppressing
termination and maintaining a maximum concentration of active centres allowing the
polymerisation to proceed in a controlled manner under steady-state conditions. The
apparent deviation from this steady-state at high conversion observed in figure 3.9
probably coincides with a decrease in the concentration of potentially active chain-ends
via termination reactions. However, it is also probable that the decrease in the rate of
polymerisation is manifested as a result of monomer consumption or the conversion of
the catalyst to inactive states

Whilst the sigmoidal nature of the semilogarithmic plots can in part be
rationalised by contemplation of the persistent radical effect, it is not entirely consistent
with the acceleration of the rate of polymerisation in the incipient stages of the
polymerisation. If indeed an excess of deactivating species is formed in the initial stages
of the polymerisation, a retardation of the rate, not the manifested increase, would be
expected. It is therefore possible that the observed acceleration in rate coincides with a
decrease in the concentration of the deactivating species. Moreover, although an exact
mechanism for such a process is unclear, it can be speculated that the decrease in
concentration arises either from a decrease in the solubility of the deactivating species,
or transformation of this species into something quite different. Furthermore, given the
magnitude of the rate of acceleration it is not inconceivable that the excess Cu(ll)
deactivating species are transformed into Cu(l) activating species.

The role of the persistent radical effect appears to be of paramount importance
for the evolution of control over the polymerisation. It is apparent that, via this
mechanism, control is evolved at the expense of initiator efficiency, with the
termination reactions required to generate the excess of Cu"Br,/2L resulting in the
destruction of propagating centres. However, as illustrated in figure 3.8, the effect is so
small that it does not detract from the degree of control afforded over the
polymerisation, with close correlation existing between observed molecular welght
values and theoretical molecular weight values calculated from 100% initiator

efficiency.
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In summary, the use of OPMI as a complexing ligand produces a highly soluble
near homogeneous catalyst complex in xylene/styrene solution and hence makes the
system amenable to kinetic study. However, despite this the molecular weight
distributions are still broader than those reported in the literature for comparable
systems. It is thus apparent that the attainment of a more soluble catalyst system 1s
desirable to allow the synthesis of polymers having even narrower molecular weight

distributions.

3.4. Effect of solvent

In an attempt to produce a more soluble catalyst system, the effect of using a
more polar solvent was investigated. Diglyme (2-methoxyethyl ether) was chosen as it
has a suitably high boiling point (163°C).

The ATRP of styrene was conducted as described previously, except that xylene
was replaced with diglyme as the solvent. A mixture of styrene/CuBr/OPMI/1-PEBr in
a ratio of 100:1:3:1 respectively was prepared in diglyme solution such that the volume
ratio of styrene:diglyme was 1:1. The reaction mixture appeared entirely homogeneous
at both room and reaction temperature (100°C) and hence the profile of the
polymerisation was followed by periodic sampling of the reaction mixture, as described
in section 2.6.2. The results of the polymerisation are displayed in table 3.4. In each
case monomer conversion was determined by gravimetry and molecular weight values

by GPC, as described in sections 2.7.2 and 2.7.1 respectively.
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Reaction time/ | % Conversion | In([M]y/[M],) M. Mw/Mn
Hours
6 12.8 0.1369 1550 1.27
16 29.7 0.3524 3190 1.22
20 38.9 0.4926 4130 1.21
25 55.0 0.7985 5600 1.17
30 64.4 1.0328 6510 1.16
48 79.3 1.5750 8190 1.12

Table 3.4. Dependence of conversion, molecular weight and molecular weight
distribution on the time of reaction for the polymerisation of styrene conducted in

diglyme solution, initiated by 1-PEBr and mediated by CuBr/OPMI. |

The results in table 3.4 display that the molecular weight distribution of the
polymers narrows considerably as the reaction proceeds, as would be expected for a
controlled polymerisation. Figure 3.11 compares the dependence of molecular weight
and molecular weight distribution on conversion for the two separate polymerisations
conducted in xylene and diglyme solutions. It is evident that the use of diglyme as a
solvent results in a much higher degree of control being afforded over the
polymerisation than that observed for polymerisations conducted in xylene solution,
with the corresponding molecular weight distributions of comparable samples being
much narrower.

As shown in figure 3.12, the increase in the solubility of the catalyst complex
has resulted in a considerable decrease in the rate of polymerisation. This is consistent
with the previous observations upon generating a more soluble catalyst system, and thus
it is possible that the lower rate of polymerisation is due to an increase in the solubility
of the deactivating Cu'”Bry/2L complex, as suggested previously. However, it is also
possible that such a marked decrease is caused by diglyme in some way hindering the

interaction of the active catalyst and the dormant bromine end-capped chain.
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Figure 3.11. The effect of solvent selection on the dependence of molecular weight
and molecular weight distribution on monomer conversion for the polymerisation

of styrene initiated by 1-PEBr and mediated by CuBr/OPML
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Figure 3.12. The effect of solvent on the rate of polymerisation of styrene initiated

by 1-PEBr and mediated by CuBr/OPMI.
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The lower rate of polymerisation observed in diglyme may simply be due to
solvation effects, whereby the enhanced solubility of the catalyst complex in diglyme
solution confers the existence of a greater solvation shell around the catalyst complex
than that apparent in xylene solution. Such a phenomenon would hinder interaction
between the active catalyst and the bromine end-capped chain, effectively decreasing
the concentration of propagating species and hence decreasing the rate of
polymerisation. A decrease in the concentration of propagating species 1s also consistent
with the production of polymers displaying narrower molecular weight distributions.

Alternatively, this effect may be rationalised by considering diglyme as a
species which has the ability to co-ordinate with and deactivate the catalyst. Haddleton
et al have reported that the addition of phenol or methyl hydroquinone to the ATRP of
methyl methacrylate conducted in xylene solution results in an increase in the rate of
polymerisation, where the role of the phenol is defined as displacing an a-diimine
ligand to form the active catalytic species''” '?!. Matyjasewski has also reported that the
active catalytic species in the ATRP of MMA appears to be a one to one ligand to
CuBr complexm, with such species having a vacant co-ordination site which in some
way facilitates propagation. However, contrary to this it has been reported that the
active catalytic species in the ATRP of styrene appears to be a two to one ligand to
Cu™Br complexlosA Indeed if this is the case then the co-ordination of diglyme with the
Cu centre and the consequent displacement of a ligand will result in deactivation of the
active catalyst and thus decrease the rate of polymerisation.

Regardless of the mechanism by which diglyme lowers the rate of
polymerisation, it is apparent that this effect facilitates the production of polymers
displaying narrower molecular weight distributions than those observed for polymers
synthesised in xylene solution. Furthermore, it can be assumed that this is a direct
consequence of the lowering of the concentration of propagating species and hence a
decrease in the likelihood of termination reactions. It is thus evident that diglyme is the

preferred solvent for the ATRP of styrene.
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4. ATRP of Methyl methacrylate

4.1. Introduction

The ultimate goal of this work is to develop a technique capable of precisely
controlling the polymerisation of methacrylic monomers bearing pendant functional
groups. However, as such monomers are expensive and are time consuming to prepare,
the development of a controlled polymerisation technique is best achieved using an
accurate but simple, less expensive model monomer. Methyl methacrylate (MMA) was
selected for this purpose and hence this chapter details the development and study of an
effective ATRP technique for this monomer.

ATRP of methyl methacrylate has been widely reported in the literature (see
section 1.4.3.5). At the time of commencing this work, Haddleton et al had previously
reported that the polymerisation of MMA initiated by ethyl-2-bromoisobutyrate could
be effectively controlled by a CuBr/N-propyl-2-pyridinemethanimine catalyst
complexm. However, as illustrated in chapter 3, the use of N-propyl-2-
pyridinemethanimine; as a ligand results in the formation of a heterogeneous catalyst
complex in hydrocarbon solution. Whilst this may still allow the control of the
polymerisation of MMA, it is highly undesirable for kinetic studies of the
polymerisation process. Furthermore, preliminary studies on the ATRP of styrene
(chapter 3) revealed that the use of a more soluble catalyst complex, namely
CuBr/OPMI, results in a greater degree of control being afforded over the
polymerisation. Thus, the studies detailed within this chapter utilise the highly soluble
CuB1/OPMI catalyst complex, as it makes the polymerisation amenable to kinetic study

and imparts the potential to effect a high degree of control over the polymerisation.

4.2. The development of an effective ATRP system for MMA

4.2.1. ATRP of MMA initiated by 1-PEBr at 100°C
The suitability of the ATRP system developed for styrene for the controlled
polymerisation of methyl methacrylate (MMA), was assessed by conducting the

polymerisation of MMA under the same conditions as those described for styrene. Thus,
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a mixture of MMA/CuBr/OPMI/1-PEBr in a ratio of 100:1:3:1 respectively, in diglyme
solution (50% v/v with MMA), was prepared by the procedure described in section
2.6.2 and subsequently heated to 100°C. However, it is of note that owing to the higher
density of MMA than styrene, the concentrations of the respective components of the
reaction mixture are slightly higher than those utilised for the ATRP of styrene. Thus
[MMAJo = 4.76 mol dm™, [CuBr]y = 0.0476 mol dm™, [OPMTI]o = 0.143 mol dm™ and
[1-PEBr]o = 0.0476 mol dm™.

A profile of the polymerisation was drawn-up by sampling of the reaction liquor
at timed intervals. In each case the level of monomer conversion was determined by
gravimetry and the corresponding molecular weight values determined by G.P.C. as

described in sections 2.7.2 and 2.7.1 respectively. Table 4.1 lists the results obtained.

The theoretical Mn values (I\_/I_ﬁm) were calculated using equation 3.1.

Time/ % Conversion _n; 'M_n M““ M‘:/ﬁ;
Minutes
30 8.5 1035 | 2130 | 4250 1.99
60 14.1 1595 | 4200 | 6460 1.54
90 23.8 2565 | 5280 | 8540 1.62
120 26.7 2855 | 7370 | 11000 1.49
180 30.4 3225 | 11660 | 17654 1.51

Table 4.1. Effect of time on the level of monomer conversion, molecular weight and
molecular weight distribution for the ATRP of MMA at 100°C initiated by 1-PEBr
and mediated by CuBr/OPMI.

It is apparent from the results obtained that 1-PEBr is an ineffective initiator for
the ATRP of MMA. The resultant polymers display broad molecular weight
distributions, indicative of a low level of control over the polymerisation and consistent

with an undesirably slow rate of initiation relative to the rate of propagation.

Furthermore, as illustrated in table 4.1, the observed values of Mn are considerably
higher than the theoretical values calculated for 100% initiator efficiency. This is again
indicative of inefficient initiation. Figure 4.1 shows the GPC traces for the series of

polymers isolated in this experiment.

110



0 5 10 15 20 25
e - -

Figure 4.1. Gel permeation chromatogram for the ATRP of MMA initiated by 1-
PEBr.

4.2.2. ATRP of MMA initiated by ethyl-2-bromoisobutyrate

In an attempt to produce an efficient initiation system for the ATRP of MMA,
ethyl-2-bromoisobutyrate (2-EiBBr) was utilised as an alternative to 1-PEBr. This
molecule was chosen as it is analogous to a Br end-capped poly(methyl methacrylate)
chain, and thus should yield a rate of initiation comparable to the rate of propagation.
Furthermore, its use as an initiator for the ATRP of MMA has been reported in the
literature'®” '2*. Polymerisation was conducted by a procedure identical to that described
for the previous case (section 4.1.1), and thus [MMA], = 4.76 mol dm™, [CuBr]y =
0.0476 mol dm?, [OPMI]o = 0.143 mol dm” and [1-PEBr], = 0.0476 mol dm? in
diglyme solution (50% v/v with MMA). The results of the polymerisation are listed in
table 4.2.
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Time % Conversion M, M, M, M, /Mn
/Minutes
20 16.4 1835 | 2670 | 3230 1.21
80 61.5 6345 | 6580 | 8670 1.32
140 84 .4 8635 | 9130 | 11390 1.25
175 92.4 9435 | 10070 | 13140 131

Table 4.2. Results of the ATRP of MMA at 100°C initiated by 2-EiBBr and
mediated by CuBr/OPML

The results illustrate that 2-EiBBr is a more effective initiator of the
polymerisation of MMA than 1-PEBr, resulting in polymers displaying narrower
molecular weight distributions and molecular weights close to the theoretical values
calculated from 100% initiator efficiency. Moreover, the pseudo first-order kinetic plot
(figure 4.2.) is linear indicating that the concentration of propagating species is
approximately constant during the course of the polymerisation, which suggests that the

polymerisation proceeds in a controlled manner.

In([M]y[M])
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Figure 4.2. Pseudo first-order kinetic plot for the ATRP of MMA at 100°C.
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However, 1t 1s of note that the polymers display broader molecular weight distributions

than those observed for the analogous polymerisation of styrene (section 3.3; 1.1<

Mw /Mn <1.2), and hence it is apparent that a lower degree of control is afforded over
the polymerisation of MMA than styrene under these experimental conditions. This
difference may in part be due to the differences in the respective rate constants of
initiation, propagation and termination for the two monomers, as well as differences in
the equilibrium constants for the activation and deactivation processes involved in these
reactions. Moreover, it is probable that the broader molecular weight distributions
observed for the polymerisation of MMA, are also a direct consequence of the more
significant occurrence of transfer and other undesirable side reactions than observed in

the polymerisation of styrene.

The structure of one of the polymer samples isolated (_I\ZH= 2670, Mw /Mn =
1.21 ) was examined by '"H NMR spectroscopy, as described in section 2.7.3. Figure 4.3

shows the NMR spectrum and the corresponding peak assignments.
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Figure 4.3. "H NMR of p(MMA).

It 1s apparent from the 'H NMR spectrum shown in figure 4.3 that 2-EiBBr has
initiated the polymerisation, with peaks corresponding to the constituent portions of the
initiator fragment clearly visible. Furthermore, the molecular weight value calculated
from the ratio of the integrated peak areas corresponding to the initiator methyl group
(C) and the main chain methyl group (E) is 2113 g mol”, which is in agreement with
that determined by GPC (Mn = 2670).

Confirmation that the polymer chains possessed Br-headgroups was achieved by
utilising a quantity of this sample as a macroinitiator of the polymerisation of MMA.
This was undertaken by preparing a diglyme solution (50%v/v) of MMA/CuBr/OPMI
and the polymer sample, in a ratio of 100:1:3:1 respectively, by the standard procedure

described in section 2.6.1. The solution was then heated to 90°C and maintained at this
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4.3. The effect of temperature

4.3.1. The effect of temperature upon the rate of polymerisation and the molecular
weight distribution of the resultant polymers

As stated previously, the ATRP of MMA at 100°C led to the production of
polymers displaying broader molecular weight distributions than those observed for the
ATRP of styrene at the same temperature. It is possible that this is attributable to
differences in the respective ky/k, ratios of the two monomers. However, it is also
notable that the significance of transfer and other undesirable side reactions becomes
much more apparent at elevated temperatures, and thus it is probable that this is also a
cause of the broader molecular weight distribution at these temperatures. Considering
this, it would be undesirable to raise the temperature further, despite the fact that this
would increase the ratio of propagation to termination. Hence, the effect of decreasing
the temperature upon the kinetics and the level of control afforded over the
polymerisation was investigated.

A series of polymerisations was conducted at different temperatures, utilising in
each case the same procedure and the same concentrations of components as that used
for the polymerisation conducted at 100°C (section 4.2.2). The results of these

polymerisations are listed in table 4.4.
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Teomp./ T.ime/ %Conv. - —_n M. MW/M“ ln@ﬂ‘l
C Minutes [M],
100 20 16.4 1835 2670 3230 1.21 0.182
80 61.5 6345 6580 10130 1.32 0.955

140 84.4 8635 9130 11390 1.25 1.858

175 92.4 9435 10070 13140 1.31 2.577

90 30 22.9 2485 2590 3340 1.29 0.260
60 40.7 4265 4430 5400 1.22 0.523

90 51.9 5385 5460 6610 1.21 0.732

120 61.1 6305 6370 7700 1.19 0.944

180 75.3 7725 7930 9360 1.18 1.398

210 79.8 8175 8550 10180 1.19 1.604

240 80.6 8855 9010 10540 1.17 2.001

300 90.9 9285 9470 11270 1.19 2.397

80 30 23.2 2515 2660 3410 1.28 0.264
90 42.4 4415 5030 6410 1.27 0.552

125 54.2 5615 5070 6800 1.34 0.781

190 65.9 6785 6350 8180 1.29 1.076

220 67.5 6945 7090 8980 1.27 1.124

250 70.5 7245 7280 9120 1.25 1.221

60 30 10.5 1245 1460 1850 1.27 0.111
75 15.5 1745 1790 2200 1.23 0.168

200 31.9 3385 3290 4110 1.25 0.384

255 39.2 4115 3860 4750 1.23 0.498

310 45.0 4745 4680 5990 1.28 0.598

380 55.5 5745 5720 7220 1.26 0.810

460 61.2 6315 6100 7810 1.28 0.947

35 195 16.4 1835 2120 2650 1.25 0.179
300 27.6 2955 3010 3700 1.23 0.323

500 433 4525 4670 5980 1.28 0.567

750 52.8 5475 5690 7170 1.26 0.751

1215 66.0 6795 7030 8930 1.27 1.079

Table 4.4. The effect of temperature on the ATRP of MMA initiated by 2-EiBBr
and mediated by CuBr/OPMI.

The results in table 4.4 illustrate that all polymerisations produced polymers

having values of Mn close to the calculated values (T\Em) and narrow molecular
weight distributions. It is notable that the polymerisation conducted at 90°C yielded
polymers displaying the narrowest molecular weight distributions. The gel permeation

chromatograms for the series of polymers isolated in this experiment are illustrated in
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such that it would increase with decreasing temperature, which in turn would fit with
the proposed theory.

The observed effect on the equilibrium constant could also be manifested if the
solubility of the deactivator is dependent upon temperature. If the solubility of this
complex decreases with decreasing temperature, the effective concentration of
deactivator and therefore the rate of deactivation would decrease with temperature, and
hence confer the observed effect on the temperature dependence of the apparent rate
constant of polymerisation. It is of note that a similar effect upon the rate of the
polymerisation was observed for alterations in the solubility of the catalytic complex in
the ATRP of styrene (section 3.2). Furthermore, Haddleton et al reported a comparable
effect upon the ATRP of MMA %, However, it is notable that contrary to that found for
the ATRP of styrene (section 3.2), the results of the above study indicate that the
polymerisation temperature and hence the proposed variance in the solubility of the
catalyst complex, has little effect upon the molecular weight distribution of the resultant
polymers. It is thus highly improbable that the observed non-Arrhenius-like temperature
dependence of the apparent rate constant is due to decreasing solubility of the catalyst
complex with decreasing temperature.

It is apparent from the above study that the principal problems of studying the
temperature dependence of the apparent rate constant of polymerisation arise from the
variation of the concentration of deactivator with temperature. Matyjasewski et al have
reported that this problem can be overcome by addition of an excess of Cu'""Br, prior to
commencement of the polymerisationm. Thus, in an attempt to compensate for the
variation in the concentration of deactivator, a polymerisation was conducted in which
an excess of Cu'VBry/2L (20% relative to [CuBr]y) was added. The results of this

experiment are listed in table 4.6.
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Time/Minutes | %oConversion

30 7.9

60 8.6

90 11.0
120 11.8
180 18.1
240 59.3
360 76.2

Table 4.6. Results of the polymerisation of MMA in the presence of 20%
Cu'"Br,/2L.

The resultant pseudo first-order kinetic plot, shown in figure 4.9, is clearly non-
linear, suggesting that this method is unsuitable for the catalytic system under study.
However, regardless of this, it is evident from this plot that although the excess
deactivator suppresses propagation in the early stages of polymerisation, the rate of
polymerisation gradually increases until it is comparable to that of a polymerisation
conducted in the absence of an initial excess of Cu(”)Brz/zL deactivator. It is thus
apparent that the concentration of the deactivator decreases, such that the value of the
equilibrium constant K, where Keq = Kue/Kgeact, is comparable to that of the

polymerisation conducted without added Cu"Br,/2L.
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Figure 4.9. Effect of the addition of initial excess of Cu""Br, on the rate of

polymerisation.

Moreover, given the magnitude of the effect it is not inconceivable that the excess
deactivator is converted into activating Cu” species. However, the manifestation of
such an effect would require the operation of a process of interconversion of cu™ and
Cu® species in addition to that in the assumed ATRP equilibrium. If indeed this is true,
then the ATRP process can be represented by scheme 4.1. The steady-state
concentration of Cu™Bry/2L would therefore be dependent upon not only the rates of

activation and deactivation of the chains, but also upon the rate of conversion of Cu™

M

into Cu"’ species.

PR—X +  Cu(l)2L Pn* 4+  Cu(i)X/2L

deact

M

Scheme 4.1. Redefined ATRP process.
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As the concentration of deactivator regulates the concentration of propagating
species and consequently the apparent rate constant of polymerisation, it is evident that
this will also be dependent upon the magnitude of k.. Thus, considering the observed
non-Arrhenius-like temperature dependence of the apparent rate constant of
polymerisation and the corresponding linearity of the temperature dependence of ky, it 1s
possible that the observed behaviour is due to a non-Arrhenius-like temperature
dependence of k.. This can be rationalised if the ratio of k¢/kue increases with
decreasing temperature; i.e. the steady-state concentration of Cu™Br, decreases with
decreasing temperature. Moreover, as stated previously, Matyjasewski has reported that
the conversion of Cu'"Br, to the suspected active catalytic species becomes more
prominent as the temperature is decreased, suggesting that the proposed theory is indeed
correct. However, given this evidence it is difficult to speculate upon a precise
mechanism for this process, but it does nevertheless confirm its existence.

Although the Arrhenius plot clearly yields a non-linear fit, to allow comparison
of the data with that reported in the literature the apparent activation energy was
calculated from the linear approximation (Eqp, = 39 kJ mol™). It is of note that the value
is considerably lower than most of the values quoted in the literature, which are listed in
table 4.7. However, the value determined is in close agreement with that reported by
Haddleton et al for the ATRP of MMA conducted in the presence of methyl
11ydoquinone”9. This similarity may be coincidental, but it is possible that diglyme
operates in a similar manner to that described for methyl hydroquinone and phenoll 1.
0 displacing a ligand from the Cu(l) center and creating a vacant co-ordination site
which facilitates propagation. Haddleton reported that this action was responsible for
lowering the activation energy of the process relative to that of a control system without

additional co-ordinating ligands other than the required a.-diimines.
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catalyst complex in xylene solution appeared inferior to that observed in diglyme
solution. Therefore, it is possible that the difference in the temperature dependencies of
the ATRP of MMA 1n xylene and diglyme solutions respectively, 1s due to differences
in the solubility of the catalyst complex in these solvents. Moreover, the faster rates of
polymerisation observed in xylene solution may thus be due to a lower solubility of the
deactivator in this solvent than in diglyme. However, it is also probable that these
differences are due to solvent dependency of k. or K., with the more polar solvent

™ into Cu® species. This would also be

diglyme imhibiting the conversion of Cu
consistent with the effect of solvent observed in the ATRP of styrene.

Regardless of the reason for the rate of polymerisation being greater in xylene
than diglyme, it is attestation that diglyme does not perform a similar role to that
reported for phenol’ " However, it is of note that Haddleton et al utilised a combination
of ligand and solvent (N-(n-pentyl)-2-pyridylmethanimine/toluene), in the study of the
effect of phenols, which is unlikely to have generated a homogeneous catalyst complex
over the entire temperature range examined (90°C to -15°C). Indeed, it is evident from
this study that the dissolution of the catalytic species is of paramount importance, with
failure to achieve this potentially resulting in the development of fundamentally
imprecise representations. Nevertheless, it is probable that the role of phenol is not as

described by Haddleton et al, but that it is simply involved in consumption of the

deactivator or the enhancement of the conversion of this species to activating species.

4.3.3. The effect of polymerisation temperature upon the tacticity of the resultant
polymer

ATRP is generally considered as occurring via the reversible abstraction by a
transition metal species of a halide from a pseudo-alkyl halide, to form a freely
propagating radical and an oxidised metal species. If this were indeed the case, then it
would be expected that the resultant polymers would possess structures comparable to
those of polymers synthesised by conventional free-radical polymerisation.

In free-radical polymerisation, the orientation of approach of the incoming
monomer is unaffected by the stereostructure of the propagating chain. The propagating
radical is considered to be a freely rotating planar sp® carbon centre, and the
configuration of the sp’ centre that results on adding monomer is only determined by

the addition of another monomer unit. This mechanism is commonly referred to as
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Bernoulli-trial propagation and leads to a situation whereby the configuration of the
adding monomer can occur in one of two ways. The two possible results of the addition
are 1llustrated in scheme 4.2, and are referred to as isotactic and syndiotactic placements

respectively.

R
2 LR
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/\/\C/H\C.7/—,, H
H:R ,H

H,

H,C=CHR

t
NN N R\\H
C H CA“\ \\R
Hy, H, L e
H2 H

Scheme 4.2. Stereoregulation in free-radical polymerisation.

It is apparent that either of the two modes of addition can occur during a given
propagation step, and hence the stereoregularity of polymers arising from a freely
propagating species, such as a radical, 1s a function of the relative rates of these two
modes of addition. Considering the outcomes of the two individual modes of addition, it
1s apparent that substituents in an isotactic placement will experience greater repulsion
and steric hindrance than those in a syndiotactic placement. Therefore, the magnitude of
the enthalpy and entropy of activation of a syndiotactic placement are less than those
corresponding to an isotactic placement, and hence the syndiotactic configuration is the
more favoured. Furthermore, due to this, the magnitude of the relative rates of the two
modes of addition 1s temperature dependent, decreasing temperature resulting in further
preference for the syndiotactic placement. Thus, for polymerisations involving
propagation via a free-radical species, the degree of isotactic placements should
decrease with decreasing reaction temperature.

In an attempt to clarify the nature of the propagating species involved in ATRP,
the microstructures of polymers synthesised at various temperatures via this technique
(section 4.3.1), were determined by 'H NM.R. spectroscopy, as described in section

2.7.3. For the purpose of these measurements, three consecutive constituent monomer
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units within the chains were considered as defining a configuration. The three possible

configurations of such triads are 1illustrated in scheme 4.3.

Isotactic Syndiotactic Heterotactic

Scheme 4.3. Stereoregular triads for p(MMA).

In 'H N.M.R. spectroscopy, the signal corresponding to the oi-methyl group of
p(MMA) can be analysed to determine the stereoregularity of a given polymer sample.
Moreover, as the three equivalent protons of this group are sensitive to the chemical
environment, the signal corresponding to this group is resolved into three distinct peaks,
with each corresponding to one of the three possible triad sequences. Therefore, the
relative degrees of isotactic, heterotactic and syndiotactic placements comprising a
given polymer sample can be determined.

Figure 4.12 shows the 'H N.M.R. spectra of three polymer samples prepared at
100, 90 and 35°C respectively. Only the signal corresponding to the a-methyl groups of
the respective polymers is illustrated. The three peaks in each spectrum correspond to
isotactic, heterotactic and syndiotactic placements, from higher to lower chemical shifts

respectively.
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Figure 4.12. "H N.MLR. spectra of p(MMA) samples prepared at various

temperatures.
Temperature/°C | Isotactic | Syndiotactic | Heterotactic
100 0.005 0.670 0.321
90 0.006 0.665 0.323
35 0.007 0.688 0.287

Table 4.9. The effect of temperature upon the tacticity of the resultant polymers.

The results suggest a reverse of the expected trend, with the degree of isotactic

placements increasing, albeit slightly, with decreasing temperature. However, due to the

inherent sensitivity of the technique, it 1s not possible to estimate the area of the peaks,

particularly that corresponding to isotactic placements, with the desired precision.

Hence, it 1s difficult to draw any real conclusions from this evidence, other than that the
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polymers display stereochemistries consistent with those of polymers synthesised by
free-radical polymerisationlgl. Therefore, it is possible to speculate that the propagating
species in ATRP are free-radicals. However, it is of note that similar results can be

observed for any freely propagating species regardless of their nature.

4.4, Kinetics of the ATRP of MMA at 90°C

4.4.1. The effect of the initial concentration of monomer
It is evident from the linearity of the series of plots of In([M]o/[M],) against time
(see figure 4.6) that the rate of polymerisation is first-order with respect to the

. ] . . . 107,
concentration of monomer. This is in good agreement with all reports in the literature

108, 114

4.4.2. The effect of the initial concentration of initiator

A series of reactions were conducted to study the effect on the polymerisation of
varying the concentration of the initiator 2-EiBBr. The initial concentrations of
monomer and catalyst complex were kept constant; [MMA]y = 4.76 mol dm™, [CuBr],
= 0.0476mol dm™, [OPMI]y = 0.143 mol dm™. The polymerisations were followed by
sampling of the reaction liquor at timed intervals, as described in section 2.6.2. In each
case, monomer conversion was determined by gravimetry, and molecular weight values
by GPC, as described in sections 2.7.1 and 2.7.2 respectively.

The full data sets for this series of experiments are shown in appendix 6.

However, it is of note that for each experiment, the resultant polymers displayed narrow

molecular weight distributions (W/W< 1.3) and values of number average
molecular weight comparable to the theoretical values calculated using equation 3.1.
This suggested that effective control was afforded over each polymerisation. Moreover,
plots of In([M]¢/[M],) against time were constructed for each experiment, as illustrated
in figure 4.13., and linear fits were obtained for each concentration further suggesting

that a high level of control was afforded over each polymerisation.
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Figure 4.13. The effect of the initial concentration of 2-EiBBr upon the rate of

polymerisation.

The apparent rate constant of polymerisation for each experiment was obtained

from the gradient of the respective plots (figure 4.13). The dependence of the apparent

rate constant of polymerisation on the initial concentration of 2-EiBBr is shown in table

4.10.
[2-EiBBr|y/ 10° %K, pp/s” 10%<[Pn*]/ | In[2-EiBBr|y | Ink,p,
mol dm” mol dm™
0.0238 9.2 5.69 3.74 929
0.0476 13.3 8.23 -3.04 -8.93
0.0714 28.4 17.57 2.64 -8.17

Table 4.10. Dependence of the apparent rate constant of polymerisation on the

initial concentration of 2-EiBBr.

The order of the reaction with respect to initiator was estimated from a plot of
Ink,pp against In[2-EiBBr]o, shown in figure 4.14. The straight line through the data

points has a gradient of 0.97, which approximates to a first-order dependence of the



apparent rate constant on the initial concentration of 2-EiBBr. This is in agreement with
the values reported in the literature. However, it is of note that the straight line is a poor

fit through the data.

) =0.9728x - 5.7398
R” = 0.8842

-4 35 -3 25
In[2-EiBBr],

Figure 4.14. Graph of Ink,,, against In[2-EiBBr],.

A plot of the measured apparent rate constant against the initial concentration of
2-EiBBr is shown in figure 4.15. The linearity of this plot again suggests that there is a
first-order dependence of the apparent rate constant upon the initial concentration of 2-
EiBBr. However, it is of note that there appears to be a threshold concentration of
initiator of 0.005 mol dm™ necessary for polymerisation to occur. This may result from
the formation of an appropriate steady-state concentration of Cu™Br, via the persistent
radical effect, which involves consumption of active centres via termination reactions.

In an attempt to compensate for this, a plot of Ink.p, against In([2-EiBBr]y — [1])
was constructed, where [I«] is the threshold concentration. However, it is of note that
this plot appearred inferior to that of Ink.,, against In[2-EiBBr], (figure 4.14.),
producing a poorer fit through the data and suggesting a much larger deviation from a

first-order dependence of the apparent rate constant upon the concentration of initiator.
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Figure 4.15. Graph of apparent rate constant of polymerisation against initial

concentration of 2-EiBBr.

It is possible that the inappropriateness of the plot of Inkay, against In([2-EiBBr]y
~ [1]) is due to variations in the concentrations of Cu™Br, formed during the
polymerisation at each initial concentration of initiator. Moreover, it is evident that
increasing the initial concentration of initiator results in an increase in the rate of
polymerisation, which is manifested by an increase in the concentration of propagating
species. Increasing the concentration of propagating species will increase the probability
of the occurrence of biradical termination reactions, and hence the level of deactivator
required to sustain effective control over the polymerisation will also increase. As the
polymers prepared in each experiment display comparably narrow molecular weight
distributions, it is apparent that this is indeed the case. Thus, it is clear that, as
suggested, variation in the steady-state concentrations of deactivator in each experiment
is the principal cause of the inappropriateness of the plot of Ink,y, against In([2-EiBBr}o
— [14]). However, it is evident that if the variation in the concentration of the deactivator
is only small, as it appears to be in this case, then its effect upon the dependence of the

apparent rate constant upon the initial concentration of initiator will be negligible.



4.4.3. The effect of the initial concentration of catalyst

A series of reactions were conducted to study the effect on the rate of
polymerisation of varying the concentration of the CuBr/OPMI catalyst complex. The
initial concentrations of monomer and initiator were kept constant, as was the ratio of
OPMI to CuBr, [MMA], = 4.762 mol dm>, [2-EiBBr]y = 0.0476 mol dm>,
[OPMI]y:[CuBr]o = 3:1. The polymerisations were followed by sampling of the reaction
liquor at timed intervals. In each case, monomer conversion was determined by
gravimetry, and molecular weight values by GPC, as described in sections 2.7.2 and
2.7.1 respectively.

The full data sets for the series of polymerisations are contained in appendix 7,
but it is noteworthy that each experiment produced polymers displaying relatively
narrow molecular weight distributions (W/W< 1.35). However, it is also of note
that polymers synthesised at the highest concentration of CuBr ([CuBr]y = 0.0952 mol
dm™) displayed molecular weights which deviated slightly from the corresponding
values calculated from 100% initiator efficiency. The pseudo first-order kinetic plots of
In([M]o/[M],) against time constructed for the series of polymerisations are shown in

figure 4.16.

In([M]y/[M]o

0 100 200 300 400
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Figure 4.16. The effect of the initial concentration of CuBr upon the rate of

polymerisation.
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The apparent rate constant of polymerisation for each experiment was derived from the
gradients of the plots in figure 4.16. The dependence of the apparent rate constant upon

the initial concentration of CuBr is listed in table 4.11.

[CuBr]y/ 10° Kapp/ 10° [Pn*]/ | In[CuBr], Ink.pp
mol dm™ s’ mol dm™
0.0238 8.7 5.4 -3.74 -9.35
0.0476 133 82 -3.04 -8.93
0.0952 37.7 233 -2.35 -7.88

Table 4.11. Dependence of the apparent rate constant of polymerisation upon the

initial concentration of CuBr.

The order of the reaction with respect to the initial concentration of CuBr can be
estimated from a plot of Ink,p, against In[CuBr]o, shown in figure 4.17. The straight line
through the points has a gradient of 1.06, which suggests that the apparent rate constant

has a first-order dependence upon the initial concentration of CuBr. This is in agreement

with results reported in the literature'**.

In[CuBr],

Figure 4.17. Graph of In[CuBr]y against Ink,p,.
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Figure 4.18. shows a plot of the apparent rate constant of polymerisation against
the initial concentration of CuBr. The straight line through the data suggests a first-
order dependence, which is in agreement with that determined above. However, it is
interesting to note that there appears again to be a threshold concentration of catalyst (
[CuBr]x = 0.0095 mol dm™) required for polymerisation to occur, which is similar to
that observed for the plot of the apparent rate constant of polymerisation against the

initial concentration of initiator.
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Figure 4.18. Dependence of the apparent rate constant of polymerisation upon the

initial concentration of CuBr.

The observation of a threshold concentration is probably a consequence of the
formation of an appropriate steady-state concentration of the deactivator Cu""Br,, as
proposed in section 4.4.1. Thus, the similarity between the corresponding plots of
apparent rate constant against the concentration of initiator and Cu™Br respectively is
not entirely unexpected, as both Cu"”Br and initiator are irreversibly consumed in the
formation of the appropriate quantity of Cu"Br,. However, it is of note that it was
shown in section 4.3.2 that Cu™ species can be transformed into Cu® species, by a

process outside of the confines of the general ATRP equilibrium.
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In an attempt to compensate for the apparent threshold concentration a plot of
Ink,pp against In([CuBr]o — [CuBr]y) was constructed. However, this plot produces a
poor fit through the data and suggests a much larger deviation from a first-order
dependence of the apparent rate constant upon the concentration of catalyst than the plot
of Inkyp, against In[CuBr], (figure 4.17.).

Similarly to that found in section 4.4.2 for the plot of Ink,,, against In([2-
EiBBr]y — [I]), it is possible that the inappropriateness of the plot of Ink,,, against
In([CuBr]y — [CuBr]y) is due to variations in the concentrations of Cu™Br, formed
during the polymerisation, at each initial concentration of catalyst. However, this 1s not
entirely surprising, as the concentration of propagating species, calculated from the

g,
known rate constant of radical propagation for methyl methacrylate (k,= 1616 mol s’
N8 increases with increasing catalyst concentration (see table 4.11.), and hence 1t 1s
probable that a higher concentration of deactivator is required to effect control over the
polymerisations having higher concentrations of propagating species. It 1s also likely
that more termination reactions occur in polymerisations involving higher
concentrations of propagating species, further emphasising the possible
inappropriateness of plots illustrating the dependence of the apparent rate constant upon
the initial concentration of catalyst minus the threshold concentration of catalyst.
However, it is of note that similar to that observed for the effect of varying the initial
concentration of initiator, the level of termination n each experiment is negligible and
has little influence on the molecular weight distributions of the resultant polymers. Its
slight effect upon the kinetics of the polymerisation is therefore surprising, particularly

as it is evident that any excess Cu'” generated can be transformed back into Cu®.

4.4.4. The effect of the initial ratio of OPMI to CuBr

The effect of the ratio of the initial concentrations of ligand to CuBr upon the
rate of polymernsation at 90°C in diglyme solution was investigated. A series of
experiments was conducted in which the initial concentration of OPMI was varied
whilst the concentrations of MMA, CuBr, 2-EiBBr and diglyme were kept constant;
[MMA]y = 4.76 mol dm™, [CuBr]y = 0.0476 mol dm™, [2-EiBBr], = 0.0476 mol dm>,
Diglyme = 50% v/v with MMA. The polymerisations were followed by periodic
sampling of the reaction liquor and monomer conversion determined in each case by

gravimetry. The results for the polymerisations are listed in appendix 8.
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OPMI to CuBr above 1:1. It is of note that the observed trend is in agreement with that

reported by Matyjasewski et al'**

, but that it is in contrast to that reported by Haddleton
108

et al’", who reported that the kinetically optimum ratio of ligand to CuBr was 2:1.
However, it is probable that this disparity emanates from the utilisation of BPMI as a
complexing ligand by Haddleton et al which, as reported in section 3.2, was found to

generate a less soluble catalyst complex than OPMI.

Kapp(x107°)/s-1

0o 05 1 15 2 25 3 35
[L]¢/[CuBr],

Figure 4.20. The effect of [OPMI]o:[CuBr]y upon the rate of polymerisation.

As the kinetically optimum ratio of OPMI to CuBr appears to be 1:1, it is
possible to assume that the active catalytic species is a 1:1 complex of OPMI and CuBr.

Some of the possible species this includes are illustrated in scheme 4.4.
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Scheme 4.4. Possible catalytic species for the ATRP of MMA.

The species denoted A is a tetrahedral cationic Cu"” complex with a Br
counteranion and is generally assumed to be the predominant active catalytic species.
Such complexes have been thoroughly characterised and documented in the literature' .
However, this particular species is a 2:1 ligand to copper(I)bromide complex and hence
does not adhere to the observed kinetically optimum ratio of ligand to CuBr of 1:1.
Moreover, it has been reported that this complex only predominates in polar solvents,
with the halogen bridged dimer, B, predominating in non-polar solvents typically
utilised in ATRP'?* ' As such species are 1:1 ligand to CuBr complexes it is possible
that they constitute the active catalytic species in ATRP conducted in non-polar
solvents. However, it is equally probable that complex D 1s the active catalytic species.
Indeed, Haddleton et al have reported substantial evidence to support this theory. They
have proposed that additives such as phenols'?" ' "9 or benzoic acid"® interact with
the copper centre, displacing a ligand and creating a vacant co-ordination site which
facilitates propagation. Whilst this hypothesis 1s reasonable, more recent evidence
reported by Matyjaszewski et al strongly suggests that complex C is the predominant

'8 As the ratio of ligand to Cu in this

species present in non-polar solvent solutions
complex equates to 1:1, it is apparent that this observation 1s in agreement with the
results of the above study. Furthermore, it is of note that the aforementioned publication
by Matyjaszewski et al also states that no dimeric halogen-bridged compounds were
detected, perhaps eliminating such species from the possibilities. However, considering

all the evidence, it is still not possible to speculate upon the exact nature of the active
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catalytic species for the ATRP of MMA. It is conceivable that all of the above species,

as well as many others, may coexist in an extremely complex dynamic equilibrium.

4.5. Study of the initial period of the polymerisation by GPC

The role of the persistent radical effect in establishment of the appropriate
quantity of deactivator has been discussed in the previous sections. However, no direct
evidence for the occurrence of this phenomenon has thus far been provided. In an
attempt to verify its occurrence, the initial period of the polymerisation was studied, as
it 1s suspected that this is the period during which the process occurs predominantly.

A solution of MMA/CuBr/OPMI/2-EiBBr in diglyme (50% v/v with MMA) was
prepared by the procedure described in section 2.60.2, such that [MMA]y = 4.76 mol dm’
’, [CuBr]p = 0.0235 mol dm™, [OPMI], = 0.0705 mol dm™ and [2-EiBBr]y = 0.0235 mol
dm™. The solution was then heated to 90°C and samples removed at timed intervals. In
each case the samples were quenched by dissolving in a fifty-fold excess of THF, the
volatiles evaporated off and the resultant residue analysed by GPC.

The molecular weight data for the series of polymers isolated are listed in table

4.13 and the corresponding gel permeation chromatograms illustrated in figure 4.21.

Time/Minutes M. M. M, PDi
2 5190 6520 7510 1.26
4 4810 6910 8590 1.44
6 4580 6880 9370 1.50
8 4690 7080 10330 | 1.51
10 5390 7610 5980 1.41
12 5860 8310 7360 1.42
14 6960 9180 8620 1.32
30 7810 9970 9770 1.28
60 10680 | 13710 | 14570 | 1.28
120 14480 | 18550 | 20290 | 1.28
180 17350 | 23040 | 23770 | 1.33

Table 4.13. Molecular weight data for polymers isolated for the study of the initial

period of the polymerisation.
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the remaining dormant halogen end-capped chains can undergo further propagation
without succumbing to termination reactions. Thus their degree of polymerisation
increases, whereas that of the dead polymer chains formed during the establishment of
this steady-state does not.

The occurrence of this process is clearly visible in the corresponding gel
permeatation chromatograms illustrated in figure 4.21. The formation of the dead
polymer chains and the subsequent controlled polymerisation of the remaining
potentially active chains is manifested in the bimodality of the molecular weight
distributions, with the higher molecular weight peak corresponding to the dead polymer
chains and the lower molecular weight peak corresponding to the surviving halogen
end-capped chains. Moreover, the continued growth of the remaining potentially active
chains is also evident, with the corresponding peak emerging after four minutes and
becoming the more predominant peak with increasing time. Eventually after thirty
minutes the molecular weight of these chains surpasses that of the dead polymer chains,
the corresponding peak for which appears insignificant at this and subsequent stages of
the polymerisation. It is of note that the disappearance of the peak corresponding to the
dead polymer chains is in agreement with the results of all the aforementioned
polymerisations, for which no residual dead polymer chains were detected. However,
this is not surprising, as the proportion of chains undergoing termination during such
polymerisations is low, and has been estimated to be approximately 5%,

The results of this study are in good agreement with those reported by
Matyjaszewski and Fukuda''’, whom observed a similar phenomenon for the chain
extension of a bromine end-capped polystyrene macroinitiator. Furthermore, the
observed decrease in Mn during the incipient stages of the polymerisation period
studied is comparable to that predicted by theoretical simulations described by
Matyjaszewski]%and Fischer”. However, it is notable that no reports of comparable
direct experimental evidence of the phenomenon observed in this study have appeared

in the literature to date.
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Chapter 5. ATRP of methyl methacrylate in polar solvents

5.1. Introduction

The ATRP of methyl methacrylate, as outlined in chapter 4, is readily
achievable In relatively non-polar solvents such as xylene and diglyme. However, the
extension of this system to the synthesis of the desired photorefractive polymers is
somewhat limited, as the target polymers and monomers are only sparingly soluble in
such solvents. Only polar aprotic solvents, such as dimethyl sulphoxide (DMSQ) and
N,N-dimethylformamide (DMF), provide effective dissolution of these monomers.
Therefore, the extension of the developed CuBr/OPMI ATRP catalyst system to the
polymerisation of methacrylic monomers in such solvents was investigated, using

methyl methacrylate as a simple model monomer.

5.2. Effect of solvent

The polymerisation of MMA in DMSO and DMF solutions at 90°C was
investigated. The same recipe as that utilised in chapter 4 for polymerisations in
diglyme and xylene was adhered to, such that [MMAJy = 4.76 mol dm™, [CuBr]y =
0.0476 mol dm™, [OPMI]y = 0.143 mol dm~, [2-EiBBr]y = 0.0476 mol dm™, and the
volume ratio of solvent to MMA was 1:1. The polymerisations were followed by
periodic sampling of the reaction liquor, as described in section 2.6.2. In each case,
monomer conversion was determined by gravimetry and molecular weight values by
GPC, as described in sections 2.7.2 and 2.7.1 respectively.

Figure 5.1 illustrates the effect of solvent on the extent of monomer conversion
with time. The full data sets for the polymerisations in DMSO and DMF are listed in
appendix 9. The data for polymerisations conducted in non-polar solvents is shown for
comparative purposes. It is notable that, when the polymerisations are conducted in
polar solvents conversion does not exceed 40%, even with prolonged heating.
Furthermore, as shown in figure 5.2, the number-average molecular weight values for
polymers synthesised in polar solvents do not correlate with the theoretical values

calculated from 100% initiator efficiency (Mneoreticat). The molecular weight

146



distributions of polymers synthesised in DMF are also considerably broader than those

for polymers synthesised in the other solvents.
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Figure 5.1. Effect of solvent on the extent of monomer conversion with time.










It is evident from the results that the addition of a second batch of initiator
resulted in a negligible amount of polymerisation. This indicates that the termination of
polymerisation in polar solvents is due to consumption of, or suppression of the activity

of, the active catalytic species.

5.4. Reinitiation experiment

It is apparent from the above experiment that the active catalyst complex is
consunied during the initial stages of the polymerisation. However, the negligible effect
of the addition of a second batch of initiator does not confirm whether the termination
of chain growth processes in polar solvents is also due to loss of chain-end
functionality. In an attempt to determine this, an experiment was conducted in which a
p(MMA) sample, prepared in DMSO solution, was used as a macroinitiator of the
polymerisation of MMA in diglyme, a solvent previously found to be compatible with
this technique. Thus, a solution of MMA/CuBr/OPMI/macroinitiator in diglyme was
prepared, where [MMA]y = 4.76 mol dm™, [CuBr]y = 0.0238 mol dm>, [OPMI], =
0.0714 mol dm”, [macroinitiator], = 0.0238 mol dm?>, and the volume ratio of diglyme
to MMA was 1:1. The solution was heated to 90°C and maintained at this temperature
for 4 hours, after which the polymerisation was terminated by pouring into a 50-fold
excess of cold THF. The results of the polymerisation are listed in table 5.2, and the

corresponding gel permeation chromatograms shown in figure 5.4.

M., My | Mu/Ma

Macroinitiator | 3280 4000 1.22
Polymer 53150 | 102790 | 1.93

Table 5.2. Results of reinitiation experiment using macroinitiator synthesised in

DMSO.
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5.5. Polymerisation in the presence of an initial excess of deactivator

To determine if the formation of a large excess concentration of deactivator is
the principal cause of the termination of polymerisation, an experiment was conducted
in which an initial excess of Cu™Br, deactivator was present; where [MMA]y = 4.76
mol dm™, [Cu”Br]y = 0.0476 mol dm™, [Cu""Br,]o = 0.00952 mol dm~, [2-EiBBr]y =
0.0476 mol dm'3, [OPMI]y = 0.1714 mol dm'3, and DMSO was in a volume ratio of 1:1

with MMA. The results of the polymerisation are shown in table 5.3.

Time/Minutes | %Conversion
30 1.8
60 4.5
120 7.2
180 8.3
240 7.9
300 8.8

Table 5.3. Results of the polymerisation of MMA in DMSO in the presence of an

initial excess of deactivator.

It is evident from the results that only a negligible amount of polymerisation
occurred, 1llustrating that the Cu"Br, has suppressed the polymerisation. This is
contrary to that found for an identical polymerisation conducted in diglyme solution
which, after an initial period of retardation, proceeded at a much faster rate. Moreover,
it is thus evident that as suspected, the transformation of Cu(Il) to Cu(l) is inhibited in
polar aprotic solvents, and that this is the primary cause of the premature cessation of

the polymerisation in such solvents.
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5.6. Effect of increasing the initial concentration of ligand

The previous experiments illustrated that the formation of a high persistent
concentration of deactivator is the principal cause of the premature termination of the
polymerisation in polar solvents. This high concentration arises from the inhibition of
the conversion of this species back into Cu(l). Moreover, Klumpermann recently
suggested in a seminal paper that this transformation is mediated by the ligand, as it
preferentially stabilises the lower oxidation state'”®. In order to investigate this, a
polymerisation in DMSO solution was conducted at 90°C in the presence of a high
concentration of ligand, greatly in excess of that routinely utilised for the formation and
dissolution of the desired catalyst; where [MMA]y = 4.76 mol dm>, [CuBr]y = 0.0476
mol dm’3, [OPMI]p = 1.19 mol dm'3, [2-EiBBr]y = 0.0476 mol dm’3, and the volume
ratio of DMSO to MMA was 1:1. The high concentration of OPMI utilised generates a
ligand to CuBr ratio of 25:1, as opposed to the standard ratio of 3:1. The results of the

polymerisation are listed 1n table 5.3.

Time/Minutes | %Conversion | pp. Mw/ﬁ
10 39.4 3750 1.36
20 63.7 5760 1.52
40 81.4 6200 1.87
60 91.6 6390 1.90

Table 5.3. Results of the polymerisation in the presence of a high concentration of

OPMI.

The results clearly indicate that in contrast to the polymerisation conducted with
the conventional concentration of ligand (0.143 mol dm™), in which the level of
monomer conversion did not exceed 40%, the use of a higher concentration of ligand
allows the polymerisation to be driven towards completion. However, there is a notable
broadening of the molecular weight distribution with the progression of the
polymerisation. It is probable that this is due to the occurrence of termination or other
reactions involving the loss of chain-end functionality. Regardless of this, it is evident

from this experiment that the use of a higher concentration of ligand profoundly affects
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the polymerisation. It can be speculated, that the excess ligand drives the transformation
of the generated Cu(ll) back into Cu(l), preventing the formation of a high persistent
concentration of deactivator and hence ensuring the progression of the polymerisation.
Moreover, 1t 1s possible to project from this that further increases in the concentration of
ligand may effect a higher degree of control over the polymerisation. However, this is
undesirable, as 1t is probable that the volume of ligand required to achieve this would be
in excess of that of the solvent and hence would inhibit the dissolution of the target

monomers and polymers.

5.7. Effect of zerovalent copper

The use of zerovalent copper in CuBr catalysed ATRP has been reported to
facilitate faster rates of polymerisation'”’. The role of copper(0) is to scavenge excess
deactivator, converting it, as well as itself, to Cu(I) activating species. As the formation
of excess deactivator appears to be a fundamental problem with polymerisations in
polar aprotic solvents, the use of Cu(0) in such polymerisations was investigated.

A solution was prepared which contained equimolar amounts of Cu'’Br and
Cu(0) powder, where [MMA], = 4.76 mol dm™, [CuBr], = 0.0476 mol dm™, [Cu(0)]p =
0.0476 mol dm™, [OPMI], = 0.286 mol dm™, [2-EiBBr], = 0.0476 mol dm>, and the
volume ratio of DMSO to MMA was 1:1. The solution was heated to 90°C and samples
withdrawn at periodic intervals. In each case, conversion was determined by gravimetry
and molecular weight values by GPC, as described in sections 2.7.2 and 2.7.1

respectively. The results of the polymerisation are listed in table 5.4.
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Although the use of Cu(0) in this instance, resulted in an uncontrolled
polymerisation, the experiment provides further evidence that the termination of chain

growth processes in polar solvents is due to formation of a large excess of deactivator.

5.8. Effect of initial concentration of catalyst

A series of experiments was conducted to study the effect on the polymerisation
of MMA in polar solvents of varying the initial concentration of the CuBr/OPMI
catalyst complex. The initial concentrations of monomer and initiator were kept
constant, as was the ratio of CuBr to OPMI; [MMA], = 4.76 mol dm'3, [2-EiBBr}y =
0.0476 mol dm™, [OPMI]o:[CuBr], = 3:1, solvent (DMSO or DMF) to MMA volume
ratio of 1:1. The polymerisations were followed by sampling of the reaction liquor at
timed intervals, as described in section 2.6.2. In each case, monomer conversion was
determined by gravimetry and molecular weight values by GPC, as described in
sections 2.7.2 and 2.7.1 respectively. The full data sets for the polymerisations are listed
in appendix 10.

The effect of the initial concentration of the catalyst complex upon the extent
and rate of monomer conversion in DMSO solution are shown in figure 5.6. It is evident
that increasing the initial concentration of the catalyst complex increases the extent of
monomer conversion attainable. Furthermore, as shown in figure 5.7, the level of
control also increases with increasing initial concentration of catalyst complex, with the
highest concentration facilitating the synthesis of polymers with relatively narrow
molecular weight distributions and M, values which are in close agreement with those
calculated from 100% initiator efficiency (M eoretical). Moreover, a comparable effect
was also observed for polymeriations conducted in DMF solution, as shown in figures

5.8 and 5.9.
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The increase in the level of monomer conversion attainable and the degree of
control afforded over the polymerisation with increasing initial concentration of
catalyst, 1s further proof that the termination of all chain growth in polar solvents is due
to formation of a large excess of deactivator. This phenomenon can be rationalised by
considering the effect that increasing the initial concentration of Cu(l) activating species
has upon the equilibrium.

Increasing the initial concentration of Cu(l) increases the rate of activation of
dormant chains and hence increases the rate of polymerisation. However, it also
mcreases the level of deactivator required to cease the polymerisation. Doubling the
initial concentration of Cu(l) requires double the amount of Cu(ll) to cease the
polymerisation (1.e. 20% of 2 is more than 20% of 1). Therefore, the level of conversion
achievable increases with increasing initial concentration of catalyst.

The increasing level of control afforded over the polymerisation with increasing
initial concentration of Cu(l), can be viewed as a product of the maintenance of an
optimal dynamic equilibrium between dormant and active species. The relatively high
persistent concentration of deactivator formed ensures that the time the chain-ends
spend in the active form is low, thus hindering bimolecular termination. However, as
the polymerisation proceeds, the concentration of deactivator will continue to increase,
leading to a further reduction in the rate of polymerisation. This may in turn lead to
favouring of detrimental side-reactions, which would otherwise be negligible in
comparison to propagation reactions. Therefore, increasing the mitial concentration of
Cu(I) species serves to counteract this effect by maintaining a rapid exchange process,
favouring propagation and thus decreasing the magnitude of the effect of the detrimental

side-reactions upon the polymerisation.
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Chapter 6. The synthesis and polymerisation of

(4-nitrophenyl)-[3-[N-[2-(methacryloyloxy)ethyl]carbazolyl]|diazene

6.1. Introduction

As previously stated, the ultimate goal of this work 1s to synthesise fully-
functional photorefractive polymers of precisely controlled architecture. A fully-
functional photorefractive polymer is one in which all functionalities required to furnish
a photorefractive effect are covalently attached to the polymeric backbone. A suitable
candidate monomer must therefore contain both a non-linear optical chromophore and a
charge-conducting group. However, a vinyl monomer possessing both of these
functionalities as separate pendant groups would be highly sterically hindered, and
consequently unpolymerisable. A monomer having a bifunctional pendant group
capable of fulfilling both of these requirements is thus inherently more suitable. (4-
Nitrophenyl)-[3-[N-[2-(methacryloyloxy)ethyljcarbazolyl]]diazene, which possesses a
pendant bifunctional charge-conducting non-linear optical chromophore, is an example
of such a monomer. Hence, its synthesis and polymerisation by the developed ATRP

catalyst system was investigated.
6.2. The synthesis of (4-nitrophenyl)-[3-[N-[2-(methacryloyloxy)ethyl]carbazolyl]]
diazene

The synthesis of (4-nitrophenyl)-[3-[N-[2-(methacryloyloxy)ethyl]carbazolyl]]

diazene (MOECarb) was achieved by the three step procedure outlined in section 2.5.

The overall reaction scheme is illustrated in scheme 6.1.
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As illustrated, N-(2-hydroxyethyl)carbazole was obtained by the alkylation of
carbazole and this subsequently coupled with 4-nitrobenzenediazonium chloride in a
two phase water-dichloromethane mixture. Esterification of (4-nitrophenyl)-[3-[N-(2-
hydroxyethyl)carbazolyl]]diazene with methacryloyl chloride gave the desired
monomer. The results of the respective steps and the characterisation of the

corresponding compounds are described in the following sections.

6.2.1. The synthesis of N-(2-hydroxyethyl)carbazole

N-(2-hydroxyethyl)carbazole was synthesised by the procedure outlined in
section 2.5.1. The white, cotton wool like solid was isolated in high yield (94%) and
analysed by 'H N.M.R. spectroscopy. The resulting spectrum and the corresponding

peak assignments are shown in figure 6.1.
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Figure 6.1. 'H N.M.R. spectrum of N-(2-hydroxyethyl)carbazole.

6.2.2. The synthesis of (4-nitrophenyl)-[3-[N-(2-hydroxyethyl)carbazolyl]] diazene
(4-Nitrophenyl)-[3-[N-(2-hydroxyethyl)carbazolyl]] diazene was synthesised by
the procedure described in section 2.5.2. The red powdery product (86% yield) was
analysed by 'H N.M.R., the spectrum for which is shown in figure 6.2. The
corresponding peak assignments are also shown in figure 6.2 and although exact

assignments have not been made for all of the protons, sufficient have been identified to

confirm the structure of the desired product.
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Figure 6.2. "H N.M.R. spectrum of (4-nitrophenyl)-[3-[N-(2-hydroxyethyl)

carbazolyl]] diazene.

6.2.3. The synthesis of (4-nitrophenyl)-[3-[N-[2-(methacryloyloxy)ethyl]

carbazolyl]}diazene

(4-nitrophenyl)-[3-[N-[2-(methacryloyloxy)ethyl]carbazolyl]]diazene

synthesised by the procedure described in section 2.5.3. The product was 1solated in

high yield (89%) and its structure confirmed by 'H N.M.R. spectroscopy. The spectrum

and the corresponding peak assignments are shown figure 6.3.
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Figure 6.3. '"H N.M.R. spectrum of
(4-nitrophenyl)-[3-[N-[2-(methacryloyloxy)ethyl] carbazolyl]] diazene.

Although clear assignments are not given for all signals, those that have been
assigned confirm the structure of the product. Moreover, determination of signals
corresponding to the aromatic protons is hindered by the presence of a small quantity of
unreacted starting material, with the small peak at approximately 4.0 ppm,
corresponding to the CH,-OH group of  (4-nitrophenyl)-[3-[N-(2-
hydroxyethyl)carbazolyl]]diazene, clearly indicating this.

164







The 'H N.M.R. spectrum of the polymer synthesised is shown 1n figure 6.5. The
resolution of the spectrum 1s poor, owing to the limited solubility of p(MOECarb) in
chloroform. However, typical resonances corresponding to the structure are still visible;
aromatic protons (7-9 ppm), the NCH,CH,O group (3.7-4.7), the main-chain methylene
protons (1.0-1.9 ppm), and the a-methyl group (0.25 ppm).

— 5.9240
e 54814
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Figure 6.5. 'H N.M.R. spectrum of p(MOECarb) synthesised by free-radical
polymerisation.
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6.4. Copolymerisation of methyl methacrylate and (4-nitrophenyl)-[3-[N-[2-

(methacryloyloxy)ethyl]carbazolyl]]diazene

The limited solubility of MOECarb precludes homopolymerisation under the
conditions described, as it i1s not possible to increase the concentration of this monomer
above that utilised. However, it is possible to raise the total monomer concentration by
use of a more soluble comonomer. To this effect the copolymerisation of MMA and
MOECarb was conducted by the procedure described in section 2.6.3.3, where [MMA ]y
= 2.749 mol dm™, [MOECarb]o = 0.161 mol dm™, [CuBr], = 0.286 mol dm~, [OPMI],
= 0.858 mol dm™ [2-EiBBr]y = 0.058 mol dm‘j, and the volume ratio of DMSO to
MMA was 2.5:1. The solution was heated to 90°C and samples removed at timed
intervals. The resultant residues were analysed by GPC.

The dependence of the number average molecular weight and polydispersity
upon time is shown in table 6.1. The corresponding gel permeation chromatograms are

shown in figure 6.8.

Time/Minutes ’1‘\7[”; M. MW/M"
5 1950 | 2450 1.26
15 2840 | 3900 1.37
20 3120 | 4240 1.36
40 3720 | 5070 1.37
60 4290 | 6290 1.46

Table 6.1. Results of the copolymerisation of MMA and MOECarb.

It is evident from the results that the use of a higher monomer concentration, as
expected, facilitates ATRP. However, 1t 1s notable that the molecular weight
distributions of the final samples are relatively broad. It is possible that this may be due

to the utilisation of non-optimal conditions.
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Figure 6.10 shows the 'H N.M.R. spectrum of the copolymer. Peaks
corresponding to the a-methyl group of MMA (0.05 ppm), the a-methyl group of
MOECarb (0.25 ppm), the main-chain methylene groups (1.0-2.0 ppm), the MMA ester
methyl group (2.59 ppm), the N-CH>-CH,-O group (4.0-4.7 ppm), and the MOECarb

aromatic protons (7.0-9.0 ppm), are all clearly visible and hence confirm the structure of

the copolymer.
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Figure 6.10. "H N.M.R. spectrum of p(MMA-co-MOECarb).
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7. Conclusions and further work

7.1. Conclusions

The atom transfer radical polymerisation of styrene in xylene solution initiated
with 1-PEBr and mediated by CuBr/N-propyl-2-pyridinemethanimine catalyst complex
was studied. The polymerisation yielded polymers with broad molecular weight
distributions (PDi > 1.5) and values of number average molecular weight that were
considerably higher than the theoretical values calculated from 100% initiator
efficiency. The low level of control afforded over the polymerisation 1s attributed to the
heterogeneous nature of the CuBr/PPMI catalyst complex.

It was found that the solubility of the catalyst complex in xylene solution can be
improved by extending the length of the alkyl chain on the ligand from propyl to octyl.
This enabled the production of polymers of narrower molecular weight distribution (PD1
< 1.25) having values of number average molecular weight close to the theoretical
values. However, 1t 1s noteworthy, that increasing the solubility of the catalyst complex
led to a decrease in the rate of polymerisation.

The solubility of the catalyst complex and the inherent level of control over the
polymerisation of styrene was further enhanced by changing the solvent to a more polar
system, diglyme, in which case polymers with PD1 = 1.1 — 1.2 were produced and the
catalyst system generated appeared amenable to kinetic study. Moreover, the
improvement in the solubility of the catalyst complex again resulted in a decrease in the
rate of polymerisation, relative to the observed rate of polymerisation in xylene
solution, similar to that induced by extension of the alkyl chain on the ligand. It is
probable that this phenomenon corresponds to an increase in the effective concentration
of deactivating species.

The sigmoidal nature of the semilogarithmic plots for the ATRP of styrene
mediated by CuBr/OPMI in xylene and diglyme solution 1s a result of the formation of
steady-state conditions. It is perceived that during the incipient stages of the
polymerisation control is evolved via the persistent radical effect, by formation of an
excess of deactivator. However, this 1s inconsistent with the observed rate acceleration

during the inmtial period of the polymerisation. It is thus probable that the excess
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deactivator generated 1s converted to activating species via a process other than the
assumed equilibrium. Moreover, it 1s evident that the rate of this reaction is dependent
upon the polarity of the solvating medium, decreasing with increasing solvent polarity.
Hence, it 1s possible to intimate that this is the principal cause of the solvent
dependency of the rate of polymerisation.

The ATRP of MMA at 100°C in diglyme solution initiated with 1-PEBr and
mediated by Cu’Br/OPMI was inefficient, yielding polymers having broad molecular
weight distributions (1.5 < PDi < 2.0) and values of number average molecular weight
greatly in excess of the theoretical values calculated from 100% initiator efficiency.
This is a direct consequence of the slow rate of initiation in comparison to the rate of
propagation. This problem was circumvented by use of 2-EiBBr, which generates an
Initiator fragment analogous to a p(MMA) chain radical, increasing the ratio of the rate
of initiation to the rate of propagation. The resultant polymers possess narrow molecular
weight distributions (PD1 < 1.3) and number average molecular weight values in
agreement with the calculated values. Furthermore, the utilisation of one of the samples
isolated as a macromitiator for the polymerisation of MMA, resulted in chain-extension.
Moreover, the corresponding gel permeation chromatogram (figure 4.4.) indicates that
none of the macroinitiator remained unused, suggesting that the polymers possess a high
degree of chain-end functionality.

Investigation of the effect of temperature upon the ATRP of MMA in diglyme
solution revealed that the level of control afforded over the polymerisation is unaffected
by temperature, over the range studied (100-35°C). All resultant polymers displayed
narrow molecular weight distributions (PD1 < 1.3) and values of number average
molecular weight in agreement with calculated values. The rate of polymerisation
decreases with decreasing temperature, as expected. The linearity of the corresponding
semilogarithmic kinetic plots in each case, indicates that the concentration of
propagating species was constant and low (=10™M) throughout each polymerisation,
which is consistent with controlled polymerisation.

The temperature dependence of the apparent rate constant of polymerisation of
MMA 1n diglyme solution was found to be non-linear and distinctly unlike a typical
Arrhenius plot. It is possible that this is due to a non-linear temperature dependence of
the equilibrium constant, K.q, where Keq = Kaic/kgeacr. However, 1t 1s evident from the

non-linearity of the semilogarithmic plot for polymerisation conducted in the presence
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of an initial excess of deactivator (20% relative to [Cu™Br)p), that the equilibrium is
more complex than initially assumed. Indeed, the magnitude of the rate acceleration
observed for this experiment clearly suggests the operation of a process converting
Cu™ deactivating species to Cu' activating species in addition to the assumed
equilibrium. Hence, the non-linear temperature dependence of the apparent rate constant
of polymerisation may be manifested due to a non-linear temperature dependence of the
rate constant of this process, k.

The temperature dependence of the apparent rate constant of polymerisation of
MMA in xylene solution, initiated with 2-EiBBr and mediated by CuBr/OPMI catalyst
complex, is also non-linear. However, it is of note that the observed rates of
polymerisation are in excess of those corresponding to identical polymerisations
conducted in diglyme solution. This is consistent with that observed for the ATRP of
styrene, again illustrating the solvent dependency of the rate of polymerisation. It is
suspected that this dependency arises owing to the effect of solvent polarity upon k,
with increasing solvent polarity decreasing the rate of this reaction. Hence, the greater
the polarity of the solvent, the higher the persistent concentration of deactivator and
accordingly the lower the rate of polymerisation. However, it is of note that protic
solvents such as water and alcohols have been reported to accelerate the rate of
polymerisation. It is probable that this is manifested as a result of such compounds
consuming Cu'" deactivating species, or promoting their conversion to Cu(l) activating
species.

The kinetic relationships between the apparent rate constant of polymerisation of
MMA in diglyme solution at 90°C and the initial concentrations of catalyst, initiator and
monomer were investigated. From plots of Ink,,, versus In[CuBr]y and Ink,,, versus
In[2-EiBBr], the rate of polymerisation was estimated to be first order with respect to
the initial concentrations of catalyst and initiator respectively. The linearity of plots of
In([M]o/[M],) against time, suggests that the rate of polymerisation is also first order
with respect to monomer concentration.

Study of the effect of the ratio of the initial concentrations of CuBr:OPMI
revealed that the kinetically optimum ratio of catalyst to ligand was 1:1. It is possible to
speculate from this that the active catalytic complex is a 1:1 CuBr:OPMI complex.
However, considering the evidence in combination with current reports in the literature,
it is probable that the active catalyst is in fact a 1:2 CuBr/OPMI cationic complex

having a CuBr,” counteranion, which approximates to the observed phenomenon.
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The role of the persistent radical effect in the establishment of steady-state
conditions during the incipient stages of the ATRP of MMA was illustrated using gel
permeation chromatography. It is evident from this data that the appropriate
concentration of excess deactivator is generated via irreversible radical termination
reactions during the initial 15 minutes of the polymerisation.

ATRP of MMA in polar aprotic solvents, such as DMF and DMSO, at 90°C
utilising the same concentrations of reactants used for polymerisations in non-polar
solvents, were found not to proceed beyond 40% monomer conversion. Further
investigation of this phenomenon revealed that the formation of a high persistent
concentration of deactivator is the basis of this problem. Moreover, it is suspected that
the polar aprotic solvents utilised are the principal cause of this effect, suppressing the
conversion of Cu” deactivating species to Cu” activating species. This is again
consistent with the trends observed previously for the effect of solvent polarity upon the
rate of this reaction.

Increasing the initial concentration of ligand, such that it was in an 8-fold excess
of that conventionally utilised, was found to accelerate the rate of polymerisation of
MMA and increase the level of monomer conversion achievable, in DMSO solution. It
is therefore suspected that the conversion of Cu activating species to Cu™
deactivating species, by the process other than the assumed ATRP equilibrium, is
mediated by the ligand. It is probable that this is owing to the preferential stabilisation
of the lower oxidation state by this ligand. However, a precise mechanism for this
process 1s unknown.

Increasing the initial concentration of catalyst complex in the ATRP of MMA
conducted in polar aprotic solvents was found to increase the maximum level of
monomer conversion achievable. Moreover, the inherent level of control afforded over
the polymerisation was also found to increase with increasing initial catalyst
concentration. Utilisation of an initial 5-fold excess of catalyst, over that conventionally
used, was found to impart a high level of control over the polymerisation, comparable to
that observed for polymerisations conducted in xylene or diglyme solution. It is
believed that this enhancement arises as a result of the maintenance of a rapid exchange
process between dormant and active species over a more substantial proportion of the
polymerisation period.

A methacrylic monomer bearing a pendant bifunctional charge-conducting NLO

chromophore,  (4-nitrophenyl)-[3-[N-(2-methacryloyloxy)ethyl]carbazoloyl]]diazene,
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was synthesised in high yield (72%), via a three stage process. This monomer was
found to be susceptible to free-radical polymerisation, although only oligomeric
material was produced.

ATRP of (4-nitrophenyl)-[3-[N-(2-methacryloyloxy)ethyl]carbazoloyl]]diazene
in DMSO solution was ineffective, yielding only low molecular weight material and a
low level of monomer conversion. It is suspected that this is owing to the low monomer
concentration used, as polymerisation of MMA under identical conditions was also
found to be ineffective. The low level of solubility of MOECarb in DMSO precludes
any attempts to overcome this problem by increasing the concentration of this
monomer. However, it was found that this problem could be circumvented by
conducting a copolymerisation of this monomer with a more soluble monomer, such as
MMA.

The atom transfer radical copolymerisation of MOECarb with MMA was found
to proceed in a controlled manner. G.P.C using a U.V. detector at 428nm, illustrated
that MOECarb was incorporated steadily throughout the polymerisation. However, the
molecular weight distributions of the polymers (1.25 < PDi < 1.50) were notably
broader than those observed for p(MMA) homopolymers synthesised under similar
conditions (1.2 < PDi < 1.3). It is probable that this is due to utilisation of non-optimal

conditions.

7.2. Further work

There are several limitations of the research conducted during the course of this
project. Thus future work should address these deficiencies. In particular, the kinetics of
the polymerisation require more thorough investigation, to facilitate the development of
a more precise understanding of the processes and pathways involved in ATRP.

Although the observed results for the relationship between the apparent rate
constant of polymerisation and the initial concentrations of monomer, initiator and
catalyst are in agreement with those reported in the literature, a more in-depth study
than that conducted may reveal significantly more information. A series of experiments
should be conducted investigating the effect of the initial concentration of each reagent

upon the polymerisation, over a wider-range of concentrations than that studied.
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The effect of the ratio of the initial concentration of Cu’Br:OPMI upon the
polymerisation should also be more thoroughly investigated. It would be particularly
interesting to study the effect upon the polymerisation of MMA in diglyme solution, of
raising the concentration of the ligand above that typically used.

This study has revealed some evidence suggesting the operation of a process
converting Cu'" deactivating species to Cu” activating species, in addition to the
assumed ATRP equilibrium. This phenomenon should be studied in much greater detail,
as substantial evidence concerning the mechanism of copper halide/a-diimine mediated
ATRP would probably be revealed. Moreover, it is evident that the generation of a
suitable persistent amount of deactivator is of paramount importance for the evolution
of control over the polymerisation. Hence, a more precise understanding of the
dynamics of the equilibria involved would allow optimisation of the appropriate
reaction variables.

The effect of the initial concentration of deactivator upon the rate of
polymerisation should be studied. This data could be used in conjunction with the
corresponding GPC data from the incipient period of polymerisation for the series of
experiments, to determine the persistent level of deactivator required to control the
polymerisation of a given monomer. When the concentration of deactivator is sufficient
to afford a high level of control from the initiation of polymerisation, avoiding in situ
generation of deactivator by the persistent radical effect (i.e. near 100% initiator
efficiency), only a single peak should appear on the gel permeation chromatograms
throughout the course of the polymerisation, unless the resolution of the GPC apparatus
is extraordinarily high.

The temperature dependence of the rate of conversion of Cu to Cu" species
by the process outside of the confines of the assumed ATRP equilibrium could be
studied by UV spectroscopy, as these species have distinctly different absorption bands.
This would allow clarification of the effect of temperature dependency of this
phenomenon upon the temperature dependency of the apparent rate of polymerisation.

The effect of additives upon the rate of this process, as well as the rate of
polymerisation, should also be investigated. Particular attention should be paid to protic
compounds, such as alcohols and water. It may also prove interesting to determine

whether such additives can be utilised to promote polymerisation in aprotic solvents.
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This knowledge could then be used to optimise the conditions of polymerisation for

monomers such as MOECarb.
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Appendix 1. Infra-red spectra of N-alkyl-2-pyridinemethanimines
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(b) OPMI
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Appendix 2. "H NMRs of N-alkyl-2-pyridinemethanimines
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"H NMR of BPMI.

CHz—CH,—CH,—CHy—N  N=

A B c D H |
Assignment Label | Peak description and integral value "H NMR shift value/

ppm
A triplet (3H) 1.00
B sextet (2H) 1.12
C quintet (2H) 1.40
D triplet (2H) 3.35
E singlet (1H) 8.07
F doublet (1H) 7.69
G triplet (1H) 6.90
H triplet (1H) 7.36
1 doublet (1H) 8.30

"H-NMR peak assignments for BPMI.
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(b) OPMI
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"H NMR spectrum of OPMI.

F G
H H
E
" / \ H H
CH3={CHpJzCHy—CHp=N N=
A B C D H |
Assignment Peak description and integral "H NMR shift value/

Label value ppm
A Triplet(3H) 0.38
B Doublet(10H) 0.82
C Pentet(2H) 1.23
D Triplet(2H) 3.16
E Singlet(1H) 7.90
F Doublet(1H) 7.51
G Triplet(1H) 6.72
H Triplet(1H) 7.15
I Doublet(1H) 8.11

Peak assignments for the 'H-NMR spectrum of OPMI.
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Appendix 3. C NMRs of N-alkyl-2-pyridinemethanimines

(a) BPMI
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(b) OPMI

76.9871

10000

- 154.4248 |
— 148.6913
1359246
—— 1355492
- 1237645 |
—  —120385%
~796299 |
-77.8391 !
A i
774203
64.4559 |
— 51.3237

169.7332
- 160.9670 |
—104.0268 |

8000 -

6000

4000 -~

2000 i
|

L

-2000 -

-4000 -

160 140 120 100 80 60 40 20 0
(ppm)
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Assignment Label | °C NMR chemical shift value/
ppm
13.54
22.15
26.87
28.78
28.92
30.28
31.35
64.47
160.97
154.42
135.55
120.38
123.76
148.69
Peak assignments for the "C NMR of OPMI.

ZI Z | R = = Q| ) O O W >

200



Appendix 4(a). GPC overlays for the ATRP of MMA in diglyme
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Appendix 4(b). Data sets for the repeat polymerisations of MMA in diglyme

90°C
Time/Minutes | % Conversion
30 10.6
60 24.2
90 38.1
120 495
180 64.7
240 83.9
300 88.9

60°C
Time/Minutes | %oConversion
30 10.1
60 15.0
90 16.8
120 204
150 243
200 36.0

35°C
Time/Minutes | “% Conversion
60 16.2
240 28.4
1080 60.7
1275 63.1
1470 67.0
1665 72.2
2505 93.5
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Appendix 5. Data sets for the ATRP of MMA in xylene solution

100°C
Time/Minutes | %Conv. M M_ PDi.
15 14.3 1940 2480 1.28
30 34.7 3300 4350 1.32
45 539 5680 7270 1.28
60 73.7 7730 9970 1.29
75 87.4 8720 | 12210 | 1.40
2 \‘
0 ¥f\v/-—-
[U: Ill] 15 20
90°C
Time/Minutes | %Conv. M M PDi.
30 18.7 2290 2840 1.24
60 48.0 5390 6790 1.26
90 64.8 6900 8690 1.26
185 80.6 8610 | 10590 | 1.23
[L 10
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80°C

Time/Minutes | %Conv. ’M_n M“: PDi.
30 10.4 1560 1920 1.23
60 19.9 2860 | 3570 1.25
80 34.5 4180 | 4910 1.18
140 51.7 7460 9530 1.24
210 66.3 7250 | 9080 1.25
240 74 .4 8570 | 10640 1.24

- =3 - ~ w IS o L3 ~ @ w

[uﬁJ 10 ] 20 ’27

60°C
Time/Minutes | %Conv. | p~ M PDi.

60 15.8 2360 | 2740 | 1.16

160 34.3 4340 | 5130 | 1.18

225 48.0 5540 | 6360 | 1.15

285 50.2 5940 | 7170 | 1.21

365 60.0 6750 | 7860 | 1.16

465 70.5 6960 | 8120 | 1.17

"]a
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Appendix 6. Data sets for ATRP of MMA at various [2-EiBBr]y

[2-EiBBr]p = 0.0714 mol dm™

Time/Minutes | %Conv. 1‘\}1_"“ PDi.
30 35.6 2690 | 1.28
60 63.2 4510 | 1.25
90 794 5710 1.27
120 87.4 6140 2
150 92.0 6410 | 1.29

e

[2-EiBBr]¢ = 0.0476 mol dm™

See table 4.4 for results and figure 4.5 for G.P.C. overlays.

[2-EiBBr], = 0.0238 mol dm™

Time/Minutes | %Conv. ”]\“/1_1 PDi.
15 10.4 2230 1.27
30 18.9 4010 1.25
60 30.2 6530 1.26
90 39.3 8500 1.24
120 4723 10150 1.28
180 61.3 14320 | 1.29
240 73.8 16210 | 1.28
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Appendix 7. Data sets for ATRP of MMA at various [CuBr]y at 90°C

[CuBr]o = 0.0238 mol dm™

Time/Minutes | %Conv. | pp PDi.
30 222 2410 | 1.25
90 36.0 3750 | 1.22
120 57.0 5840 | 1.21
180 57.9 6640 | 1.19
240 753 7710 | 1.18
360 82.0 8990 | 1.19

:']n:
-

[CuBr], = 0.0476 mol dm™

See Appendix 6; [2-EiBBr]y = 0.0476 mol dm™.

[CuBr]o = 0.0952 mol dm™

Time/Minutes | %Conv. | p~ PDi.
15 37.0 4100 1.28
30 67.6 7320 1.30
60 77.1 8530 1.29
90 4.7 9170 1.33
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Appendix 8. Data sets for ATRP of MMA at various [OPMI],:[CuBr]y, at 90°C

[OPMI]y:[CuBr]o = 0.5

Time/Minutes | Y%oConversion
30 5.8
90 27.3
150 37.4
270 52.9
390 69.6

[OPMI]o:[CuBr]o=1.0

Time/Minutes | % Conversion
30 6.7
60 14.7
120 36.5
180 65.4
240 71.5
300 85.7

[OPMI]o:[CuBr], = 1.5

Time/Minutes | % Conversion
30 229
60 40.7
90 51.9

[OPMI]o:[CuBr]o = 2.0

Time/Minutes | % Conversion
30 10.6
60 242
90 38.1
120 49.5
180 64.7
240 83.9
300 88.9

[OPMI]o:[CuBr]p = 3.0

See appendix 6; [2-EiBBr]y = 0.0476 mol dm"™.
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Appendix 9. Data sets for the ATRP of MMA in polar solvents at 90°C

(a) DMSO

Time/Minutes | % Conversion | Mn PDi.
30 23.5 3070 | 1.22
60 24.1 3280 | 1.22
120 293 3580 | 1.27
210 32.5 3760 | 1.24
240 33.0 3650 | 1.28
330 24.5 3530 | 1.30
390 352 3620 | 1.30

-

(b) DMF

Time/Minutes | % Conversion | Mn PDi
20 8.0 2070 | 1.26
60 11.5 2340 | 1.31
90 20.3 2490 | 1.33
120 23.4 2530 | 1.37
195 24.0 2680 | 1.39
255 28.0 2990 | 1.42
315 28.7 3420 | 1.45
385 349 4210 | 1.59
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Appendix 10. Data sets for the ATRP of MMA in polar solvents at various [CuBr]g

(a) DMSO

[CuBr]y = 0.0476 mol dm™

See appendix 9(a).

[CuBr]p = 0.0952 mol dm™

Time/Minutes | % Conversion | Mn PDi
15 36.1 4200 | 1.21
30 42.5 4620 |1.28
45 53.9 4980 | 1.29
60 62.7 5070 | 1.30
90 60.3 5090 | 1.34
120 63.9 5190 | 1.32
180 56.8 5070 | 1.35
240 61.6 5110 | 1.34
300 63.4 5120 | 1.33
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[CuBr]y = 0.143 mol dm™
Time/Minutes | % Conversion | Mn Pdi

10 33.7 3880 | 1.21

20 69.1 6750 | 1.24

30 73.9 6930 | 1.28

60 72.3 7130 | 1.32

90 69.1 7200 | 1.34

185 79.0 7400 | 1.37
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[CuBr], = 0.238 mol dm™

Time/Minutes | % Conversion Mn PDi
10 48.8 6180 1.20
20 72.5 8390 1.22
30 78.6 9410 1.24
45 81.2 9950 1.27
60 85.6 10370 | 1.31
75 88.6 11220 | 1.33
90 91.0 11410 | 1.34
0 90 roung ‘\ !'\ j[/\\\\
T I\’v ‘\'\ e
5 - o
: o Ve
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(b) DMF

[CuBr], = 0.0476 mol dm™

See appendix 9(b).

[CuBr]o = 0.0952 mol dm”

Time/Minutes | % Conversion | Mn PDi

10 20.7 3340 | 1.43

20 453 4060 | 1.39

45 61.4 5640 | 1.40

60 59.6 5720 | 1.36

90 65.0 6180 | 1.34

150 69.0 6290 | 1.43

180 71.1 6390 | 1.43
[CuBr]o = 0.143 mol dm™

Time/Minutes | %Conversion | Mn PDi

10 26.3 2920 | 1.28

20 49.4 4320 | 1.33

30 62.5 5300 | 1.34

45 66.7 6120 1.37

60 83.3 7300 | 1.38

90 91.7 7600 | 1.60

[[]_‘ 14 15 20
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[CuBr]o = 0.238 mol dm™

Time/Minutes | %Conversion | Mn PDi
10 493 4650 | 1.25
20 70.6 6860 | 1.28
30 71.4 6930 | 1.31
45 78.4 7210 1.33
60 84.6 8720 | 1.38
75 90.2 9460 1.41
[ﬂ_‘ 10 1‘5 20
[CuBr]p = 0.286 mol dm™
Time/Minutes | %Conversion | Mn PDi
5 31 2870 1.22
10 53 5680 1.23
20 76 7240 1.25
30 82 8400 | 1.27
45 89 9140 1.28
60 93 9530 | 1.28
75 96 9610 | 1.28
F:: 10 15 20

215






